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Abstract 
The role of the comminution step in mineral processing is to reduce the size of the ore so 
that the valuable minerals liberated from the gangue minerals, in preparation for 
beneficiation. The effectiveness of the comminution step is related to the rock strength, 
which controlled by the minerals making up the rock, relative mineral abundances, texture, 
fracture frequency, and its associations. Copper porphyry deposits account for 
approximately two-thirds of global copper and form a good basis for investigating the 
effects of ore structure in comminution.  
 
Recent developments in integrated studies between ore variability and mineral processing 
have driven the need to understand ore variability better as a means of maximizing the 
value from the ore. As a result, the developed methodologies are now being adapted for 
incorporation into geological and metallurgical databases, with the aim of linking ore 
mineralogy to comminution and beneficiation performance. However, the current 
developments are driven by statistical correlations rather than a fundamental and 
mechanistic understanding.  
 
This thesis aims to develop a fundamental mechanistic relationship between mineralogy, 
hardness, and breakage by focusing on proportional mineral ratio changes caused during 
copper ore formation. Incorporated geological understanding of porphyry copper ore 
formation and phyllic alteration to processing is studied for two case studies viz. Highland 
Valley Copper Mine (HVC) and Los Bronces Mine (LB) and the approach underpins and 
strengthens the current methodologies for predicting the mill throughput of copper 
porphyries.  
 
This new approach introduces the key ore-forming parameters to mineral processing. The 
relationship between processing performance (breakage) and the degree of phyllic 
alteration is studied. This provides a link of ore genesis with rock strength and breakage 
behavior. A mechanistic method of single impact load cell test was utilized to measure the 
rock strength. The link between the strength and primary geological features is studied 
using QXRD; X-ray computed tomography and automated logging instruments.  
 
The thesis establishes that there is a relationship between the proposed porphyry copper 
process alternation index (PAI) and rock strength. The methods in this study can be used 
in developing the relationships between primary geological features and the rock strength; 
providing a novel and powerful technique to propagate breakage characteristics into the 
geological model of an ore body. 
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 Introduction  Chapter 1.
1.1 Context 
Ore deposits are formed through enrichment processes occurring in the earth’s crust. The 
rarer elements are transported, concentrated and deposited, through various mechanisms, 
each with their complex fundamentals. This results in the formation of ore deposits which 
have provided, and will provide for mineral and metal needs in past, present, and future. 
Through the ages, processes and technologies have been developed to liberate; 
beneficiate and extract the valuable minerals from these deposits with a range of 
efficiencies and effectiveness. It is proposed that a better understanding of the genesis 
and resulting mineralogy of a particular ore deposit will support and assist the 
development of improved processes for exploiting these deposits. 
 
The role of comminution in processing is to reduce the size of the ore particles so that the 
valuable minerals are liberated from the gangue minerals in preparation for the 
beneficiation step. Comminution is the primary expense of any mineral processing plant 
regarding capital and operating costs (Mineral Comminution Circuit, JKMRC; p2). Cohen 
(1983) estimated that 30-50% of total plant power draw is consumed by comminution; this 
amount can increase up to 70% for hard ores. This is a crucial step in processing where 
the rock is physically broken and successively reduced in size until the desired liberation 
level is reached (King, 2001).  
 
The total plant operating costs attributable to comminution vary according to the nature of 
the plant and the ore being treated. Ore is not homogeneous, and its complex 
characteristics require different mining and processing approaches (Baum, 2013).  For the 
last ten years, the focus has been on developing integrated methods for improving both 
mining and processing, such as: ‘Mine to Mill,' ‘Mine to Port,' ‘Mine to Metal’, and 
`Geometallurgy.'  
 
The effectiveness of comminution is related to how the rock is broken in size reduction 
devices. Researchers studying rock breakage inside comminution machines considered 
that the breakage needed to be studied from a single particle event (Unland, 2004). Single 
particle breakage tests have provided key insights for understanding rock breakage in the 
comminution process (Goldsmith, 1960; Fadeev, 1969; Lajtai, 1974; Beisetaev, 1976; 
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Mishnaevski, 1995; Eberhardt, 1999). These studies have led to a better understanding of 
rock behaviour under an applied force which defines the strength of the rock. The strength 
is controlled by the minerals making up the rock, the relative mineral abundances, texture, 
fracture frequency, and its associations. 
 
Porphyry copper deposits are the source of two thirds of the world’s copper and a major 
proportion of the molybdenum, gold and silver production. Most porphyry copper deposits 
are mined by large-scale open-pit mining methods and require high tonnage throughput 
grinding and flotation plants to produce an economic saleable copper concentrate typically 
containing around 30% copper.  
 
The aim of this thesis was to develop a fundamental understanding of the relationship 
between the geological ore-forming parameters and the resulting rock strength which 
affects breakage behaviour during comminution. This approach focusses on the 
proportional mineral and texture changes that occurred during copper porphyry ore 
formation. The work underpins and strengthens the present-day methodologies for 
predicting mill comminution.  
 
1.2 Hypothesis 
The following hypothesis is tested in this thesis:  
Key ore-forming parameters which incorporate the alteration and lithological variabilities of 
porphyry copper deposits can be used to improve predictions of rock strength and 
breakage behaviour because geological setting drives the comminution response.  
 
1.3 Research Questions 
1. How can the alteration and lithological variabilities relevant to processing be defined 
using key mineral(s) ratios and textural destruction (see page 116 for definition) 
caused by ore formation? 
2. How can the defined key parameter(s) be used to predict rock breakage measures 
(Axb)? 
3. What is the relationship between key ore-formation parameters and rock strength 
measures? 
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4. How can this information contribute to improved ore body knowledge and 
comminution performance?  
 
1.4 Scope of Thesis 
This thesis focusses mainly on the phyllic alteration of porphyry copper deposits, and two 
case studies (North American Highland Valley Copper Mine (HVC) and South American 
Los Bronces Mine (LB)) are undertaken to answer the hypothesis and address the four 
research questions. Figure 1-1 shows the current methodology and how this can be 
improved using the key ore-forming parameters in conjunction with current tests and 
geochemical and mineralogical analysis.  The key innovations that enable this are the 
developments of a composite virtual drill hole (CVDH) and the process alteration index 
(PAI) which is presented in this thesis.  
 
The research questions are addressed by the relevant work as shown in Figure 1-1. The 
HVC case study is used to address research questions 1 and 2. The LB case study is 
used to address research questions 1, 3 and 4.  
 
 
 
Figure 1-1: Schematic representation of the scope of the thesis showing where the 
research questions (located as grey circles) are addressed.  
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This thesis does not extend to predictive mill throughput modeling, as it does not include 
any discussion of block modeling, mill design or operation.  Also outside the scope of this 
thesis is the relationship between key ore-forming parameters and downstream 
beneficiation such as flotation or leaching. The main focus of the thesis is a phyllic 
alteration of porphyry deposits and other mineralization, and alteration types are outside of 
the scope.  
 
1.5 Approach and workflow 
Figure 1-2 and Figure 1-3 shows the approach to and details of the workflow of the case 
studies.  
 
For HVC experimental design (Figure 1-2); a minimum 5m of half core was collected from 
both Valley and Lornex pits, the selection of core samples were selected from the 
company database with the support from mine geologists, and a composite virtual drill hole 
(CVDH) was prepared for each pit. JK Crushing index was incorporated into the standard 
assay/mineralogical test procedure, and a validation study was completed (Appendix 1). 
The crushed sample was sized and -11.2+9.5 mm size fraction was selected for JKRBT 
test, and standard bond work index (BWI) and drop weight tests (DWT) were completed on 
selected samples; in parallel to breakage tests, QXRD, XRF, and MLA mineralogical tests 
were completed.  
 
For the Los Bronces (LB) experimental design (Figure 1-3); a minimum 3m of half core 
was collected, and CVDH was prepared with the collected samples which were selected 
from the company database with support from mine geologists. A small batch of 
representative samples from each domain was sent to the Federal University of Rio de 
Janeiro (UFRJ), Brazil for developing the methodology on single impact load cell (SILC) 
test. A complete set of 85 m CVDH was sent to JKMRC, Australia. The SILC test 
methodology was developed with support from Prof. Dr. Marcelo Tavares, UFRJ, Brazil 
and the samples were tested at two different classes’ viz. irregular shaped particles and 
mini core samples using the SILC test. The CVDH and mini core samples were scanned 
using the automated logging technology in addition to mineralogical testing such QXRD, 
MLA, XCT, optical microscopy and SEM.  
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Figure 1-2: Workflow for Highland Valley Copper  
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Figure 1-3: Workflow for Los Bronces  
 
 
1.6 Thesis structure 
The structure of the thesis plus an overview of the experimental work carried out are 
shown in Figure 1-4.  
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Figure 1-4: Structure of the thesis and an overview of the experimental work 
undertaken.  
 
Research Question 1 is addressed in Chapter 3 using HVC ore. Chapter 4 uses HVC ore 
to address research question 2.  Chapters 5 and 6 use LB ore to address research 
questions 3 and Chapter 3, 5 and 6 addresses the research question of 4. The schematic 
flowsheet demonstrates each chapter.  
 
Chapter 1: Introduction, which provides the context and introduces the reader to the 
thesis.   
 
Chapter 2: Literature Review, where copper porphyry deposits and their formation are 
discussed and current methodology and previous work are reviewed and the gaps 
identified for generating the research questions.  
 
Chapter 3: New Approach using Mineral Replacement and Textural Changes in Mineral 
Processing: This chapter describes the development of the process alteration index (PAI) 
and discusses its usefulness.   
 
Chapter 4: Highland Valley Case Study: This study demonstrates the use of key ore-
forming parameters, and focusses on the other mineralogical parameters by using X - ray 
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fluorescence (XRF) and X - ray Diffraction (XRD), and their relationship with comminution 
results such Rotary Breakage test (RBT), Drop Weight Test (DWT) results. 
 
Chapter 5: This chapter describes the ore characterisation and the development of the 
composite virtual drill hole (CVDH).  It also evaluates the use of new technologies of 
spectral mineralogy (using FLS’s Hylogger-3 and CoreScan’s HCL-3) for automated 
logging. 
 
Chapter 6: Los Bronces Case Study: This chapter discusses the results and relationships 
obtained and their potential use and limitations. It also proposes a new methodology for 
populating the block model with rock strength parameters. 
 
Chapter 7: Conclusion and Recommendations: This chapter answers the research 
questions and identifies recommended future work.  
 
1.7 Novel contribution of this thesis 
1) Incorporation of geological understanding (from lithology and alteration) of porphyry 
copper ore formation to processing to define a processing alteration index (PAI). 
(HVC and LB).  
2) Demonstration of the relationship between the ore-forming parameters (PAI) and 
breakage parameters (Axb, BWi) is thereby underpinning the predictive modeling 
studies in the area of comminution. (HVC). 
3) Demonstration of the value of creating a composite virtual drill hole (CVDH) as a 
calibration for alteration types of a selected lithology to contribute to ore body 
knowledge. (HVC and LB). 
4) Proposed a novel methodology to characterise and distribute rock strength through 
the ore body. (LB). 
5) Demonstration of the potential and identified some of the limitations of using new 
technologies (automated logging and XCT) to measure gangue mineralogy to 
obtain the PAI and characterise rock strength and breakage behaviour. (LB). 
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 Literature Review  Chapter 2.
The literature review is completed in four major sections, which are:  
 Porphyry Deposits: This section provides an introduction to porphyry copper 
deposits, the principal lithology and alteration types, ore formation, and geology and 
mineralization details. Highland Valley Copper Deposit, British Columbia, Canada 
and Los Bronces Copper Deposit, Chile are discussed.  
 Alteration Indices: This section describes the existing published methods on the 
development of various alteration indices which are predominantly based on 
geology.  
 Automated Logging and X - ray Computed Tomography (XCT): The future mineral 
identification and quantification techniques are summarized in this section and 
currently available automated logging instruments are reviewed.  
 Measuring rock strength and comminution model parameters: The focus is on listing 
the currently-available tools for measuring rock strength and defining a tool for 
experimental design which requires a detailed understanding of predictive 
comminution models. Hence, current studies in mill throughput modeling are 
discussed as well as rock strength measuring equipment.  
2.1 Porphyry Deposits 
The term “porphyry” in geology refers to an igneous rock containing more than 25% 
medium- to coarse-grained phenocrysts by volume. The phenocryst mineral is usually 
alkali feldspar. The term is used as a suffix to for specific rock naming, e.g. quartz 
porphyry, as well as for describing mineralization, (Dictionary of Earth Sciences, 2008). 
 
“The Porphyry deposits are large, low to medium grade deposits in which primary 
(hypogene) ore minerals are dominantly structurally controlled and which are spatially and 
genetically related to felsic to intermediate porphyritic intrusions” (Kirkham, 1972 p62-64). 
“Secondary minerals may be developed in supergene-enriched zones in porphyry Cu 
deposits by weathering of primary sulphides. Such zones have significantly higher Cu 
grades, thereby enhancing the potential for economic exploitation” (Sinclair, 2008 p1-2).  
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The following subtypes of porphyry deposits are defined according to the metal abundance 
(Sinclair, 2008).  
 
Cu (±Au, Mo, Ag, Re, PGE)  Au (±Ag, Cu, Mo)  Ag (±Au, Zn, Pb) 
Cu-Mo (±Au, Ag)    Mo (±W, Sn) 
Cu-Mo-Au (±Ag)    W-Mo (±Bi, Sn) 
Cu-Au (±Ag, PGE)    Sn-Ag (W, Cu, Zn, Mo, Bi) 
 
2.1.1 Porphyry Copper Deposits 
Figures indicate that global copper mine production in 2011 reached over 16 million tons 
(the World Copper Fact Book, 2012), and approximately two thirds of the world’s copper 
come from porphyry deposits. The porphyry copper deposits have many distinct attributes, 
including multiple events in their formation with consequent effects on the series of 
reactions between a hydrothermal fluid and its host rock. These reactions define the 
alteration and main causes of ore formation which provide sufficient metal-bearing 
concentrated ore in an accessible part of the Earth’s crust so that it can be extracted. The 
average Cu abundance in the Earth’s crust is 55 ppm (Introduction to Ore-Forming 
Processes, 2005; p4), and the hydrothermal fluids provide the mechanism necessary for 
upgrading the copper content to economic grades such as 0.25%. 
 
From a geological perspective, porphyry copper deposits are considered to be one of the 
best-understood classes of hydrothermal systems operating above a crystallizing magma 
chamber which may have intruded its coeval stratovolcano (Hedenquist and Richards, 
1998). Sillitoe (2010), defines porphyry copper systems as large volumes (10 to >100 km3) 
of hydrothermally altered rock centered on porphyry copper stocks that may also contain 
skarn, carbonate-replacement, sediment-hosted, and intermediate to the high sulfidation 
epithermal base and precious metal mineralization. The deeper parts of porphyry copper 
systems may contain porphyry copper ± molybdenum ± gold mineralisation of various 
amounts (106 to 109 metric tons)  in addition to copper, gold, and/or zinc skarn (106 to 109 
metric tons), whereas their shallower parts may host intermediate to high sulfidation 
epithermal gold ± silver ± copper ore bodies (106 to 109 metric tons).  Sillitoe (2010) 
describes these as ‘young’ porphyry copper systems and notes that they have been 
generated worldwide since the Archaean age with the Meso-Cenozoic examples most 
abundantly preserved as shown in the examples in Figure 2-1. 
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Figure 2-1: The general distribution of Copper Porphyries, from Porphyry Copper 
Deposit Model, Sillitoe, 2010. 
 
The Eocene-Oligocene aged Cu porphyry deposits located in Chile are one of the 
important ‘young’ porphyry copper systems. Together with Escondida, the system has six 
other giant porphyry copper systems, namely Potrerillos, El Salvador, Chuquicamata, El 
Abra, Collahuasi and Radomiro Tomic. These deposits, hosted by quartz monzonite and 
granodiorite intrusions, like many porphyry copper deposits are hosted in quartz-feldspar 
porphyries, where the alteration-mineralisation is zoned from barren early sodic-calcic 
through potentially ore-grade potassic, chlorite-sericite, and sericitic, to advanced argillic. 
Chalcopyrite ± bornite mineralization in many porphyry copper deposits is largely confined 
to potassic zones (Sillitoe, 2010).  There are cases where argillic alteration is the dominant 
ore type within the deposit, such as Tampakan Cu-Au porphyry deposit located on the 
southern Philippine island of Mindanao, approximately 65 kilometres north of General 
Santos City, Sagittarius Mines Incorporation, Tampakan Cu-Au porphyry. 
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The general mineralogical composition of quartz feldspar porphyry (hereafter referred to as 
the “original form”) consists of quartz, plagioclase, potassium feldspar, hornblende, and 
biotite. In ore-forming systems, the mineralization is complemented by chalcopyrite, 
bornite, and other secondary copper minerals, with accessory pyrite, magnetite, apatite, 
etc. In porphyry deposits, these mineral assemblages are replaced by alteration minerals 
such as quartz, potassium feldspar, illite, kaolinite, sericite, chlorite, dickite, biotite, calcite, 
zunyite, etc. in accordance with a chemical reaction series (hereafter referred to as the 
“alteration form”). The lithology distribution of the world Cu Porphyries is given in Figure 
2-2, and shows the Quartz Feldspar Porphyry and Breccia to be the dominant lithologies.  
 
 
Figure 2-2:  Lithology distribution of the world Cu Porphyries, *modified from 2010 
USGS Database (Porphyry Copper Deposit Model, USGS 2010). 
 
The magmas that form porphyry copper deposits are thought to be generated by the 
melting of subducted oceanic crust. The water content in this crust dehydrates and then 
melts when the oceanic crust is heated. The magma penetrates the lower crust because of 
it is less dense than the surrounding mantle rocks. The rising magma may also begin to 
crystallize the minerals such as plagioclase. These crystals form the phenocrysts in 
porphyritic rocks. Water is an important component released from the magma as it 
crystallizes. Trace metals in the magmas may also partition into the brines, causing 
enrichment of valuable metals in these high-temperature fluids. When the brines are 
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expelled during fracturing, they pass through rock with which they are no longer in 
chemical equilibrium. As a result of exchanging of chemical components between rock and 
fluid known as ‘hydrothermal alteration’ (Mountain, 2003). 
 
Hydrothermal alteration is common and occurs from the centimetre scale to the kilometre 
scale, in such forms as individual vein halos and deposit-scale extensive alterations. “In 
many porphyry deposits, alteration zones on a deposit scale consist of an inner potassic 
zone characterised by biotite and/or potassium-feldspar (± amphibole ± magnetite ± 
anhydrite) and an outer zone of propylitic alteration that consists of quartz, chlorite, 
epidote, calcite and, locally, albite associated with pyrite. Zones of phyllic alteration (quartz 
+ sericite + pyrite) and argillic alteration (quartz + illite + pyrite ± kaolinite ± smectite ± 
montmorillonite ± calcite) may be part of the zonal pattern between the potassic and 
propylitic zones, or can be irregular or tabular, and younger zones could be superimposed 
on older alteration and sulphide assemblages (e.g., Ladolam; Moyle et al., 1990)” (Sinclair, 
2008; p8).   
 
Figure 2-3:  Generalized alteration-mineralisation zoning pattern for telescoped 
porphyry copper deposits, based on the host geology and deposit style (Sillitoe, 
2010). 
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Figure 2-3 indicates the conceptual alteration – mineralization events of porphyry copper 
deposits. The Volumes of the different alteration types varies at each deposit. Sericitic 
alteration separates the potassic and propylitic zones. It tends to more abundant alteration 
type and may cut the potassic zone centrally (Sillitoe, 2010). 
 
In 1970, Lowell and Guilbert published a study of the alteration zones of the San Manuel–
Kalamazoo porphyry deposit and compared these with the alteration found at 27 other 
porphyry deposits. This led to the Lowell–Guilbert model for the alteration zonation of 
porphyry deposits. In this idealized model, alteration zones are centered on the porphyry 
intrusion and consist of the potassic, sericitic, argillic, silicic and propylitic zones (Table 
2-1). The three kinds of alteration (potassic, sericitic, argillic) and their mixtures are the 
main ore contributor of porphyry copper deposits and are briefly explained below. The 
expected effect of alteration to the mill throughput and flotation is included by the author 
who has worked in different copper porphyry operations. The expected effect of alteration 
to the mill throughput is based on the experience of different copper porphyry operations 
including Highland Valley Copper mine (HVC), Kamloops, BC, Canada. 
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Table 2-1. Characteristics of principal alteration-mineralisation types in porphyry copper systems, modified from Sillitoe, 2010. 
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2.1.2 Potassic 
Potassic alteration is characterised by the formation of new potassium-feldspar 
and/or biotite, usually together with minor sericite, chlorite, and quartz. Accessory 
amounts of magnetite, hematite and anhydrite may occur associated with the 
potassic alteration assemblages. The term potassic alteration refers to a large 
number of assemblages where the presence of hydrothermal biotite is a common 
feature. However, apart from this, potassic assemblages vary significantly, and key 
differences exist between those directly associated with ore-grade mineralisation. 
Figure 2-4 shows two ore grade examples of potassic alteration. 
 
 
Figure 2-4: Different examples of potassic alteration, a) Chuquicamata ore from 
Chile b) Core sample from a porphyry prospect in Turkey 
 
Potassic alteration produces textures that are distinct from replacement textures 
developed in the magmatic environment. The crystal of biotite replaces and 
overgrows hornblende, commonly aligned along the cleavage plains of hornblende. 
Replacement of hornblende can range from partial to complete depending on the 
degree of alteration, but the outline of the former amphibole site may be well-
preserved.  
2.1.3 Sericitic  
Sericitic alteration is equivalent to “phyllic,” however, “sericitic” is more 
mineralogically precise; it is common in a variety of hydrothermal ore deposits and 
typically forms over a wide temperature range by hydrolysis of feldspars to form 
sericite (fine-grained white mica), with minor associated quartz, chlorite, and pyrite.  
Host rock texture is destroyed, and in the intense form of this alteration, where quartz 
is added to the rock, feldspar is replaced by sericite (Figure 2-5). The samples were 
collected from weak, moderate and intense sericitic alteration and the abundance of 
sericite with copper mineralisation is demonstrated.  Intense sericitic alteration is 
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generally found near areas of advanced argillic alteration and includes a silicification 
component.  
 
 
Figure 2-5: Phyllic alteration progress from weak to intense.  
The Photomicrographs in reflected microscopy (a) indicate the ore mineralogy and 
the Photomicrographs in transmitted light (b) indicate the gangue mineralogy 
changes along the different degree of alteration. The images are from HVC deposit 
and taken by Yildirim. 
 
2.1.4 Argillic  
Argillic alteration is commonly subdivided into intermediate and advanced categories 
depending on the intensity of host mineral breakdown. Intermediate argillic alteration 
affects mainly plagioclase feldspars and is characterized by the formation of clay 
minerals kaolinite and the smectite group (mainly montmorillonite). It typically forms 
below about 250oC by H+ metasomatism and occurs on the fringes of porphyry 
systems. Advanced argillic alteration represents an extreme form of base leaching 
where rocks have been stripped of alkali elements by highly acidic fluids active in 
high fluid/rock ratio environments. It is characterized by kaolinite, pyrophyllite, or 
dickite and alunite together with lesser quartz and tourmaline. 
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Argillic alteration grades outward into propylitic assemblages which are not likely to 
be ore-contributing. The host rock texture is decomposed according to the degree of 
alteration which is mainly feldspars replaced by clay minerals (Figure 2-6).  
 
Figure 2-6:  Different examples of argillic alteration: a) Radomiro Tomic ore 
from Chile, b) core sample from a porphyry prospect in Turkey. 
 
2.1.5 Los Bronces Cu-Mo Porphyry Deposit 
Los Bronces is an operating mine located in the Metropolitan Region, 65 kilometres 
from Santiago and at 3500 metres above sea level (Figure 2-7). It is an open-pit 
copper and molybdenum mine and the ore 
extracted is ground and transported in an ore 
slurry pipeline 56 km long to the Las Tórtolas 
flotation plant, where copper and molybdenum 
concentrates are produced. The operation also 
produces cathodes. “The Los Bronces ore body 
has been mined since 1864. Early mining 
extracted high grade ore (10-20% Cu) 
intermittently up until 1921 when Compañia Minera 
Disputada de Las Condes established a larger 
operation. This continued between 1978 and 2002 
when Exxon Corporation owned and operated the 
mine. At that time the production was 
approximately 37,000 metric tonnes per day at 
1.2% Cu (Serrano et al., 1996). Reserves were 
estimated at 457 Mt @ 1.03% Cu plus 741 Mt @ 
0.47%Cu leach ore” (Frikken, 2003). Drilling 
completed during the past three years has extended the reserve up to a billion 
Figure 2-7: Location map of 
Los Bronces Cu-Mo Deposit 
and Las Tortolas Flotation 
plant. 
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tonnes. The operation was acquired by Anglo American in 2002 and 2008 Los 
Bronces produced 235,792 tonnes of fine copper, including high purity cathodes and 
copper concentrate, as well as 2578 tonnes of molybdenum concentrate. Anglo 
American Chile, Los Bronces (15 December 2014) <http://www.angloamerican-
chile.cl/>. 
 
2.1.6 General Geology & Alteration of Los Bronces Cu-Mo deposit 
In the mine area, two major volcanic units exposed which are the Los Pelambres and 
Farrelones Formations comprise late-Cretaceous to late-Tertiary. They consist of 
basaltic andesite, trachy-andesite, dacite lavas and volcaniclastic rocks, outcropping 
as a 700-1200 m-thick flat-lying (Stambuk et al., 1985, 1988: Serrano et al., 1996). 
“The Farellones Formation close to the ore deposits (K/Ar plagioclase) was dated at 
18.5 Ma. Andesite from within the ore deposit has not been dated due to the 
pervasive biotite alteration associated with mineralisation. The volcanic rocks in the 
mine area host approximately two percent of the total ore reserve (Stambuk et al., 
1985; Frikken, 2003)”. A general view of the mine is shown in Figure 2-8. 
 
 
Figure 2-8:  General view of the Los Bronces operation (Anglo American Chile, 
2014).  
 
The volcanic and volcaniclastic rocks of the Los Pelambres and Farellones 
Formations intruded. The SFB comprises many different phases of granitoid across 
its 200 km2.” The Rio Blanco-Los Bronces ore deposit is hosted mainly in two 
phases: the Rio Blanco Granodiorite (GDRB) in the northern sector and the Cascada 
Granodiorite (GDCC) in the southern sector. Both of these rock units consist mainly 
of granodiorite, quartz monzonite, tonalite and diorite (Stambuk et al., 1988). The 
GDRB is characterised by a coarser grain size, and a greater abundance of 
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orthoclase feldspar and plagioclase with albite-andesine compositions compared to 
the GDCC. The GDCC has a finer grain-size and is enriched in Ca-plagioclase” 
(Stambuk et al., 1988) (Frikken, 2003). 
 
In the Rio Blanco District, the potassic alteration is restricted to the Rio Blanco-Los 
Bronces mine area. It is characterised by hydrothermal biotite and orthoclase 
(Serrano et al., 1996). “A moderately-developed halo of quartz-sericite alteration 
occurs in and up to 1 km around the Rio Blanco-Los Bronces mine (Antoine, 1976). A 
transitional zone containing quartz-sericite and propylitic alteration surrounds it in 
turn. Propylitic alteration extends up to 5 km from the Rio Blanco mineralised centre 
(Antoine, 1976), as illustrated in Figure 2-9 (Frikken, 2003)”. 
 
Figure 2-9: Distribution of primary and secondary biotite in longitudinal section 
(a and b); Distribution of sericitic (phyllic) alteration in longitudinal section (c 
and d). The warmer colours indicate greater alteration intensity (Frikken, 2003).  
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Rio Blanco-Los Bronces is one of the three giant breccia-related porphyry copper 
deposits that define the Late Miocene-Pliocene metallogenic belt of central Chile. 
The breccias generally consist of host rock clasts in a rock flour matrix and/or 
hydrothermal cement. The clasts are of volcanic or plutonic origin and are derived 
primarily from the local wallrocks. The matrix cement varies in composition and 
locally consists of tourmaline, biotite, quartz, anhydrite and/or rock flour (Skewes and 
Stern, 1994). Clasts in the breccias are typically hydrothermally altered to silicic 
and/or sericitic (phyllic) mineral assemblages that include pyrite, jarosite and copper 
sulphides in some areas (Frikken, 2003).  
 
2.1.7 Highland Valley Copper Deposit 
The Highland Valley porphyry district, in southern British Columbia, has five major 
porphyry copper-molybdenum deposits, namely Valley, Lornex, Bethlehem, 
Highmont and JA, located within a fifteen square kilometre area in Highland Valley in 
the central part of the late Upper Triassic Guichon Creek batholith (Casselman, 1995) 
(Figure 2-10). 
 
Figure 2-10:  Geology map of Highland Valley Cu-Mo deposits (Casselman, 
1995). 
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The deposit is operated by Teck Resources Limited which has 97.5% ownership 
while 2.5% belongs to Highmont Mining Company. Operations at Highland Valley 
date back to 1962, upon the commissioning of the Bethlehem Copper mine which 
was developed by Sumitomo Metals Mining Company. The Bethlehem mine sites 
were followed by the discovery of the Lornex orebody in 1963 and the Valley deposit 
in 1964. Stripping of the Lornex deposit began in 1970 and milling of its ore 
commenced in 1972 (Casselman, 1995). The present operation at Highland Valley 
mine is a combination of the Lornex, Valley and Highmont mines. Total proved and 
probable reserves as at December 31, 2009, were 440 Mt with 0.3% Cu and 0.013% 
Mo; it is known as one of the lowest grade, highest tonnage copper porphyry 
operations in the world. “A new life of mine plan has recently been developed, which 
has extended the mine life to 2027” Teck, Highland Valley Copper Operation (15 
October 2015) <http://www.teck.com>.  
 
2.1.8 General Geology & Alteration of HVC Cu-Mo deposit 
The Guichon Creek batholith, a calc-alkaline, I-type intrusion (McMillan, 1985), is a 
semi-concordant, composite, multi-phased intrusion that is elliptical and elongated 
slightly west of north. Its average width is 20 km and its length 65 km. Carr (1966) 
suggested that this elongation reflects the influence of deep-seated structures. Rocks 
at the border of the batholith are older and more mafic; successive phases moving 
inward toward the core are younger and more felsic. Thus, rocks of the batholith 
range from relatively melanocractic, medium-grained diorite and quartz diorite at the 
border to relatively leucocratic, coarse-grained granodiorite to quartz monzonite in 
the core (Figure 2-11). 
 
In general, proximal alteration in Highland Valley deposits consists of central silicic 
and potassic alteration, central to intermediate, overlapping and partly overprinting 
phyllic and argillic alteration, and fringing propylitic alteration zones. Copper ore is 
commonly best developed in the phyllic zone but extends locally into the silicic, 
potassic and argillic zones. At Valley, a major zone of potassic feldspar alteration in 
the west-central, deeper part of the deposit is intimately associated with and 
enveloped by an extensive zone of moderate to strong phyllic alteration and 
pervasive argillic alteration. These zones grade outward into a zone dominated by 
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weak to moderate argillic alteration fringed by a mixed zone of weak to moderate 
propylitic alteration containing areas with minimal hydrothermal alteration.  
 
 
Figure 2-11:  General view of Valley Pit, the photo is taken by Yildirim, 2012.  
 
2.2 Alteration Indices 
Alteration indices using oxide and molecular ratios were introduced by Ishikawa et al. 
(1976), Spitz and Darling (1978), and Saeki and Date (1980).  Mass balance 
calculations were also used (Greisen, 1967; Kranidiotis and MacLean, 1987; Pearce, 
1968; MacLean, 1990), element ratios have been tentatively applied (Stanley and 
Madeisky, 1994), and further studies conducted by Piche and Jebrak (2003) used 
five fundamental mineral-forming rules based on a whole rock analysis technique. 
The primary alteration indices developed to date are discussed below.  
 
2.2.1 Ishikawa Alteration Index, 1976 
The alteration index proposed by Ishikawa et al. (1976) measures the alteration 
intensity by using whole rock chemical analyses and calculates the relative depletion 
of alkali elements, for which the equation is as follows: 
 
Alteration Index = (K2O + Na2O) / (K2O + MgO) + (Na2O + CaO) Equation 1 
As the alteration intensity progresses, the potassium oxide and magnesium oxide 
quantities increase, whereas sodium oxide and calcium oxide content decrease. The 
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value of the Alteration Index tends towards 100 as the alteration reaches maximum 
intensity.   
 
The Ishikawa alteration index is used at a number of deposits, for example in Bruce 
Gemmell’s study on the Hellyer volcanic-hosted massive sulfide (VHMS) deposit in 
Tasmania, Australia (Large et al., 2001). This study indicates that alteration index 
values range from 2 to 97 at Hellyer VMS, and all the averages of alteration index 
values for the various footwall alteration zones plot well outside the unaltered 
andesite box which indicates significant geochemical changes during footwall 
alteration.  
 
2.2.2 Saeki and Date Sericite Index, 1980 
The study published in 1980 by Saeki and Date proposed an alteration on the basis 
of five measurable parameters; these are magnetic susceptibility, and concentrations 
of Na, Ca, K and Mg. The study was completed on the Ezuri Kuruko deposits in 
Japan and 1500 specimens from more than 50 drill holes were examined to develop 
the alteration index. The index was focused on the ratios of K+ Mg/Na + K + Mg + 
Ca, K/Na, Mg/Ca, Na/Na + K + Ca, K/Na + K + CA, and Ca/Na + K + Ca.  
 
The index is based on elemental ratios and developed for Kuroko-type deposits 
which are predominantly massive, stratiform sulphide ores with associated underlying 
stockwork ores of Miocene age in the Green Tuff volcanic sequences. 
 
2.2.3 Nesbitt and Young Chemical Index of Alteration, 1984 and 1989 
The Chemical Index of Alteration (CIA) is the most accepted of the available 
weathering indices. Past conditions and chemical weathering can be reliably inferred 
if the application of the CIA is combined with a comprehensive facies analysis 
(Bahlburg and Dobrzinski, 2009).  
 
The weathering trends can be displayed on a (CaO + Na2O) – Al2O3 – K2O triangular 
plot. The diagram is formed from a trend parallel to the (CaO+Na2O) – Al2O3, 
whereas advanced weathering shows a marked loss in K2O as compositions move 
towards the Al2O3 apex.  
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The CIA and the trends on the triangular plots have been used in two different ways. 
Firstly, chemical changes in a recent weathering profile are used as a template 
against which the chemical history of an ancient profile can be read; these trends can 
be used to identify the resulting chemical changes which refer to diagenesis or 
metasomatism. The second application is to mudstones. The difference in chemical 
composition between modern and ancient muds may be used to determine past 
weathering conditions.  
 
The index developed by Nesbitt and Young is focused on molar changes within the 
rock, and it has found application in weathering and climate research studies.   
 
2.2.4 Kishida and Kerrich Index, 1987 
Kishida and Kerrich completed an extensive study on the Kerr-Addison Archaean 
lode gold deposit in Kirkland Lake, Ontario, Canada. They developed a “saturation” 
index in order to monitor the alteration intensity for carbonates. The geochemistry of 
the altered rocks is analysed in terms of the degree of saturation of certain mobile 
elements rather than in terms of gains or losses of components. Five main 
parameters were considered in their indices; these are CO2, alkali metal enrichment, 
distribution of alteration types, the mobility of other elements and chemical mass 
balance. 
 
According to the study, the sequence of alteration is characterised by a massive 
introduction of CO2, and variable amounts of CaO and alkali metals into rocks; water 
and hydrogen are removed. The degree of enrichment of rocks in CO2 and alkali 
metals can be monitored by saturation indices such as the molar ratios:  
 
CO2/Fe + Mg + Ca), (3K+Na)/Al, 3K/Al, and Na/Al   Equation 2 
 
Peaks of gold content correspond to points where the saturation indices 3K/Al and 
Na/Al cross over, indicative of the carbonate-muscovite and carbonate-albite 
alteration types respectively. This crossover suggests a genetic link between gold 
enrichment and hydrothermal alteration. The study was completed on Archaean lode-
Au deposits that are sited in the greenstone belts of all Archaean shield areas and 
account for almost 20% of world Au production (Roberts, 1987). Despite the 
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similarities of hydrothermal alteration to different mineralisation models, the porphyry 
copper deposition has a different mechanism than that for Archaean lode-type Au 
deposit models.  
 
2.2.5 Bruce Gemmell Hydrothermal Alteration Index, 2001, 2006 and 2007 
Bruce Gemmell and co-workers developed an alteration index for measuring the 
intensity of sericite, chlorite, carbonate and pyrite replacement of sodic feldspars and 
glass associated with a hydrothermal alteration (Gemmell, 2001).    
 
Gemmell identified two limitations on the use of the Ishikawa alteration index (AI): the 
Ishikawa index does not take account of carbonate alteration, which can be 
significant in some volcanic-hosted massive sulphide deposit (VHMS) alteration 
systems and may lead to a decrease in the AI, even where the alteration intensity is 
high (Large, Gemmell, Paulick, 2001). In other words, the AI does not enable the 
separation of chlorite from sericite-rich alteration which is a common alteration type at 
massive sulphide deposits. Therefore the chlorite-carbonate-pyrite index was 
developed:  
 
Index: 100 (MgO + FeO) / (MgO + FeO + Na2O + K2O)  Equation 3 
 
Further studies were completed by Gemmell, Large and Paulick, using the alteration 
box plot for understanding the relationship between alteration mineralogy and 
lithogeochemistry associated with volcanic-hosted massive sulphide deposits. The 
alteration box plot is a graphical representation that uses two alteration indices: the 
Ishikawa alteration index (AI) and the chlorite-carbonate-pyrite index (CCPI) (Large, 
Gemmell, and Paulick, 2001). 
 
Like most of the other alteration indices, CCPI, and the alteration box plot were 
developed for exploration purposes. They assist in generating drilling targets and 
contribute to the understanding of zonation within mineral deposits. This particular 
study is focussed on VHMS-related hydrothermal systems.  
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2.2.6 Normative Alteration Index (Normat) by Piché and Jébrak, 2003 
The approach proposed by Piché and Jébrak (2003) is a normative technique 
(Normat) that quantifies hydrothermal alteration of rock in metamorphic terranes 
using normative mineral ratios. Originally developed as a volcanogenic massive 
sulphide (VMS) exploration tool that is sensitive to alkali element depletion 
associated with hydrothermal alteration (Piché, 2001), Normat uses five petrologic 
rules which are listed below in order of priority: 
 
1. Increasing silica saturation calculation 
2. Divergent and reversed Bowen series calculations 
3. Greenschist facies mineral assemblages  
4. Calculations for VMS-type hydrothermal alteration 
5. Virtual CO2 estimate and normative carbonate minerals.  
 
2.2.7 Whitbread and Moore Potassic Alteration Index, 2004 
Whitbread and Moore (2004) suggested Pearce Element Ratio analysis (PER) and 
Isocon analysis (IA) mass balance approaches to identify an ore-related alteration in 
sedimentary host rocks of the Elura Zn-Pb-Ag deposit. The authors maintained that 
employing a combination of these two techniques provides better navigation within 
an alteration zone towards the ore body position.  
 
PER analysis enables the detection of mineral changes and related major element 
variations due to alteration. The PER plots on potassium, carbonate, calcium and 
aluminium allow discrimination of altered rock from background samples.  Molar 
Ca/Ti v. C/Ti plots indicate a change in calcite-bearing background samples from 
iron–magnesium–carbonate altered rocks closer to ore, whereas K/Ti v. (Al–Na)/Ti 
diagrams show muscovite development consistent with the altered rock bulk 
compositions.  
 
Isocon analysis is known to be an effective technique for segregating trace element 
variations (Nb, Y, Ti, Zr, (±Al)) of altered rock from a less-altered equivalent. IA 
results from the Elura deposit indicate that carbonate carbon, Ag, As, K, Pb, Rb, Sb, 
Tl, and Zn are strongly enriched in host rocks, while Na is strongly consumed.  
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2.3 Visual Logging and Automated Logging  
Detailed characterisation of primary features has great importance in understanding 
the ore deposit; therefore borehole logging is essential to practice to record the 
geological and mineralogical information. Visual logging is done by a geologist, and it 
is typically time-consuming and labour-intensive practice, besides that this is also 
depending on skill, experience, consistency of geologists. Each drill hole log must 
have the information recorded such as hole number, prospect/mine name, location, 
grid coordinates, cadastral position, elevation of the hole collar, hole direction, 
inclination, total depth, size of hole, casing used, date of starting and completion, 
name of the person logging, page numbers. This repeated information enters each 
time to each page manually.  
 
Different techniques are developed to improve the geologists’ logging, and one of 
them has found application in copper porphyries which is called anaconda mapping & 
logging (Einaudi, 1997). The method focuses on recording what the geologist 
observes instead of making the judgement during logging. The alteration zones are 
interpreted once whole mineralogical data collected from logging. This supports 
consistent logging and decreases the subjectivity within each geologist.  
 
Besides the efforts for improving visual logging, there has been a significant 
development in automated logging at last five years.  Four different instruments are 
available for industrial and research uses, and two of these instruments are studied in 
this research.  
2.3.1 Visual logging & mapping 
In exploration and mining, one of the routine geologist tasks is logging and mapping 
which is subjective and very much dependent on experience. In order to improve 
visual logging and mapping, a systematic method was developed by Anaconda 
geologists at El Salvador, Chile, and Yerington, Nevada during the 1960’s.  
 
The method is based on colour-coded mapping of key features of 
alteration/mineralisation, augmented by quantitative estimates of mineral/vein 
abundance, measurements of attitudes (strike, dip or core-axis angle), and relative 
age between features (different vein-types, or veins/intrusive contacts). This is critical 
to successful exploration, mine development, and genetic understanding. This style 
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of mapping is used to complement standardized numerical mapping designed for 
computer databases. At the stage of map compilation, there is no substitute for the 
detailed, colour-coded geological and mineralogical notes compiled on the posting 
sheet (“fact map”), whose colour and textural distinctions allow quick visual 
correlation of common features between outcrops, mine benches, or drill holes. The 
use of standardized colours also allows a given exploration team or research group 
to read and understand each other’s maps and drill logs.  An example of the 
Anaconda method is given in Figure 2-12.  
 
Figure 2-12:  Diamond drill hole logging using Anaconda mapping method after 
Einaudi, 1997. 
 
This methodology allows and encourages the geologist to map the minerals and not 
the alteration types. Alteration type is an interpretation based on mineral 
associations, texture, and their relationships. A mineral map completed by geologists 
that give an opinion regarding the general texture of rock is given in Figure 2-12 (after 
Einaudi, 1997).  
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2.3.2 Automated Logging  
Geological modelling and mineralogical information are essential in the discovery and 
development of resources. Drill core, chips, and powders are examined by 
geologists, metallurgists, and geotechnical engineers manually to obtain this 
information.  
 
Recently-developed, automated hyperspectral core scanning systems are useful 
technologies which provide this information rapidly and objectively without even 
necessitating destruction of the core. The core remains its original tray.  
 
These technologies are described as a “new set of eyes” for the geologists. They 
provide fast, consistent and objective results and also are very useful for better 
understanding the mineralogy and the geotechnical and geometallurgical properties 
of the ore systems. Also, utilisation of these technologies is more economical in the 
long-term due to the information they provide in the exploration, mining and 
processing stages, CSIRO, Automated Logging (20 January 2014) 
<http://www.csiro.au>.   
 
They can provide information about mineral abundance, chemistry, porosity, grain 
size and the physical state of the drill core. Furthermore, all this information is 
digitalized directly and archived by the software. The resulting data can be examined 
by the spectral geologist immediately.  
 
The primary advantage of these technologies over the currently-existing ones such 
as QEMSCAN, XRD or MLA is their rapidity. Since no sample preparation is needed 
except ensuring that the core is clean and dry, data can be obtained very rapidly. 
Furthermore, the non-contact and non-destructive nature of the procedure can also 
be counted as further advantages, along with the relatively lower cost per sample 
(Quigley, 2012).  
 
Reflectance spectroscopy is a commonly-used method for mineralogical studies. The 
main principle is to determine spectral features caused by molecular vibrations 
indicative of the chemical bonds in crystalline minerals. Depending on the wavelength 
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used, many minerals can be determined using this technique (Huntington, Mason, 
2012).  
 
Visible or near-infrared spectroscopy, (VIR) within the wavelengths of 350-1000 nm, 
is used to identify Iron oxide group minerals, whereas short wave infrared (SWIR) 
(1000-2500 nm) is used for Al(OH), Fe(OH), Mg(OH), sulphate and carbonate 
minerals. In addition, some systems also provide thermal infrared reflectance 
systems with wavelengths of 6000-14500nm, which are used for identifying quartz, 
feldspar, and olivine-garnet-pyroxene group minerals (Quigley and Yildirim, 2015). 
 
Besides reflectance spectroscopy, several systems exist for identifying other 
properties of the rock, such as magnetic susceptibility, gamma density and electrical 
resistivity.  
 
Utilisation of these systems together will provide a better understanding of 
geometallurgical investigations at an acceptable cost. Several applications of the 
systems have indicated that the cost of these operations is about $10 per metre. This 
cost can be considered a “minor component” of total drilling costs (between $100- 
$300 per metre with all components) (Linton et al., 2010). 
 
2.3.3 CSIRO – HyLogger3-7 
The Hylogger3-7 is a reflectance spectroscopy device created by CSIRO (Figure 
2-13). The device is equipped with 3 ranges of spectrometers, which are: a silicon 
detector grating spectrometer for the (380-1072) nm wavelength VNIR interval; In Sb-
detector fourier transform infrared (FTIR) spectrometer for the (1072-2500) nm SWIR 
interval; and a further (FTIR) spectrometer with a HgCdTe photoconductive detector 
for the (6000-14500) nm TIR interval (Huntington and  Mason, 2012). 
 
The Hylogger 3-7 also has a Basler piA1900-32 camera for colour imagery. The 
camera has a 60 µm pixel size resolution.  The camera is an RGB linear array device 
for complete core width and adjacent tray section imaging. It provides high resolution 
digitalised archiving.  
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In addition, the system incorporates a laser profilometer measuring the physical 
condition of the core to assist in geotechnical assessments. The most valuable 
application of the profilometer is to build a mask indicating the no-core parts of the 
tray due to poor drilling recovery. This prevents misidentification of minerals 
(Huntington and Mason, 2012). 
 
A standard scan mode of the device views a single profile along the core for 
approximately one-third of the core width. 
 
TSG software developed by CSIRO interprets the data. All the information can be 
edited, analysed, processed and visualised simultaneously by this associated 
software. Characterisation of the mineralogy of alteration, regolith and host rocks, 
determination of the metallurgical properties of ore systems and mineralogical 
associations for ore grade can be processed by TSG. All the developed data is 
exportable to 3D mine-planning GIS software CSIRO, Automated Logging (20 
January 2014) <http://www.csiro.au>.  
 
Figure 2-13: HyLogger 3 - components and processing, Exploration Data 
Centre, Zillmere, and Brisbane.  
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2.3.4 CORESCAN - Hyperspectral Core Imaging III (HCI-3) 
The Corescan HCI-3 is a device integrated with an RGB high resolution camera, 
spectrometers and 3D laser profiling sensors (Figure 2-14). The mineralogy, 
geochemistry, textural morphology of a drill core, chip, and other geological samples 
can be investigated.   
 
Reflectance spectroscopy is performed by VNIR-SWIR bands of wavelength with a 
range of 450-2500 nm and a spectral resolution of 4 nm. Up to 100,000 spectra per 
metre of scanned ore prevents spectral mixing and provides a “nearly pure” spectral 
signature. 
 
A high resolution RGB camera with 60 µm resolution is also incorporated. Lastly, the 
device is complemented with a 3D laser profiler. The entire scan system with optics, 
spectrometers, cameras and 3D laser profiling sensors translates the data to acquire 
all surface features, texture and shape results and also structural features such as 
bedding, cleavage, fracture and vein orientations to the computer where the data can 
be simultaneously visualised and computed, Corescan, Hyperspectral Logging (27 
January 2014) <http://www.corescan.com.au>.   
 
The HCI-3 automatically identifies core size and recognizes unwanted components 
such as the core tray and depth markers. Cores are scaled and reconstructed in real 
time even if the core recovery is not 100%.  
 
The equipment provides a rapid reconnaissance mode which permits operation along 
a narrow path over the centre of the core. This allows for a higher throughput. A full 
detailed mode is also available which provides more detailed data in higher 
resolution; however, the throughput tends to be lower in this mode. The scan density 
varies between 0.5 mm to 5 mm depending on the selected scan mode; the scan rate 
can be up to 300 m per day (Corescan HCl-3, user manual, 2010).  
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Figure 2-14:  Automated Core Scanning at Sumner Park, Brisbane   
 
2.3.5 SPECIM-sisuROCK  
The SPECIM-sisuROCK device has a high throughput of hyperspectral imaging, 
meaning that one core box can be processed in less than 15 seconds, providing a 
1200 metre per day scan rate, sisuROCK, 2014 (Figure 2-15). Specim SisuROCK, 
Automated Logging (26 January 2014) <http://www.specim.fi/index.php/products/ >.    
 
The sisuRock can measure samples up to 1.5 m in length, 0.65 m in width, and 50 kg 
in weight. The mineral reflectance data can be provided both qualitatively and 
quantitatively. The unit can be fitted with either one or two cameras. The default 
camera is SWIR range (970-2500 nm) wavelength, the second camera on RGB high 
resolution; VNIR range (400-1000 nm) wavelength camera; or it can be replaced by 
TIR range (8000-12000 nm) depending on the requirement of the measurement. The 
TIR requires a special arrangement but can be used if it is needed.  
 
A high resolution RGB imaging tool provides 16 µm resolutions, with an extremely 
rapid application (15 s per single core box). The number of pixels per image line is 
approximately 4000.  
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Figure 2-15:ssisuROCK automated core-logging system). Specim SisuROCK, 
Automated Logging (26 January 2014) 
<http://www.specim.fi/index.php/products/geology/sisurock>. 
 
2.3.6 Geotek – MSCL-S 
This device focusses on measuring a variety of properties including gamma density, 
magnetic susceptibility, electrical resistivity, etc. It is also possible to perform 
reflectance spectroscopy by mounting VNIR and SWIR range sensors. These 
sensors can be added to the device according to requirements (Figure 2-16). 
 
The Geotek MSCL is the only commercially-available tool for gathering all these data 
in an automated and quality-controlled way. Computer-controlled feeder motors and 
sensors allow the data gathered to be correlated simultaneously, Geotek, Automated 
Logging (12 January 2014) < http://www.geotek.co.uk/) >. 
 
The MSCL-S standard model tool can be mounted with a full range of sensors. Up to 
155 cm in length and 15 cm in diameter core can be processed. Analysis speed of 
the tool varies between 4 to 12 meters per hour depending on which sensors are 
mounted. 
The Bartington point sensor is used for magnetic susceptibility analysis. It can be 
used for correlating changes in magnetic susceptibility in sedimentary or diagenetic 
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environments. This type of data is frequently used in inter-core correlation 
investigations. 
 Geoscan IV uses the high resolution imaging system with an RGB camera. 
Resolution of the images is adjustable from 100 to 25 µm pixel size. At the highest 
resolution (25 µm) the scanning speed is 6 meters per minute. 
 
For reflectance spectroscopy, the ASDI LabSpec Vis/NIR spectrometer can be 
integrated. This tool has VNIR and SWIR range wavelengths (350-2500 nm).  
 
Figure 2-16:  GEOTEK MSCL-S tool equipped with sensor line, Geotek, 
Automated Logging (12 January 2014) < http://www.geotek.co.uk/) >. 
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2.4 X-ray Computed Tomography (XCT)  
X-ray CT has been used in medicine for over the 40 years, and it is now in used at 
earth science including geology, mineralogy, petroleum, mineral processing, 
mechanical and civil engineering purposes. “High-resolution X-ray computed 
tomography is the industrial equivalent of medical CAT scanning and provides a 
mechanism for non-destructive studies of the three-dimensional nature of geological 
materials” (Kyle and Ketcham, 2015). “The main objective of the technology is to 
visualise characteristics of the interior of solid objects (Lin and Miller, 2005; Geet et 
al., 2000). The principle behind the use of X-ray CT is the use of an X-ray beam 
signal that is a function of the incident X-ray energy and the linear attenuation 
coefficient, which is proportional to the mean local density of the particle. With the 
advances in X-ray CT resolution down to the micro and even nanometre scale, in 
computing power, and in software development for quantitative data analysis, 
applications of this technology in the mineralogical analysis are becoming more 
common. Some of the most recent applications have been in different disciplines, 
such as quantification of porous media (Rattanasak and Kendall 2005), geological 
application, steel degradation within concrete-civil engineering application, quality 
control-embedded contamination in wool, mechanical engineering, palaeontology” 
(Remeysen and Swennen, 2008; De Beer et al., 2004; Tsakiroglou and Payatakes, 
2000).  
 
Figure 2-17: Xradia Versa XRM-500 at JKMRC. 
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“Maximize the power of X-ray microscopy (XRM) with Xradia 500 Versa using flexible 
3D imaging for a wide range of samples and research environments. The instrument 
achieves 0.7 μm true spatial resolution with minimum achievable voxel size below 70 
nm.” Xradia, X-ray computed system (9 September 2015) < http://www.xradia.com/ 
the system is manufactured by Zeiss, and it is different from the other scanners. The 
main difference is that the instrument has unique detector system, and it uses 
microscope objective lenses (1x, 4x, 10x, 20x, 40x) rather than planar detector which 
allows the system to produce higher resolution images such as 1   true resolution 
(Kyle and Ketcham, 2015).   
 
The sample is placed on a rotational stage between the X-ray point source and 
microscope objective lenses as shown in Figure 2-17. Detectors are typically 1024 or 
2048 pixels on a side; the time of scan is dependent on of the size of the sample. 
“Three dominant physical processes are responsible for attenuation of an X-ray 
signal: photoelectric absorption, Compton scattering, and pair production” (Kyle and 
Ketcham, 2015).  
 
The size and number of detector elements, X-ray focal spot size, the source-object-
detector distances defines the spatial resolution of a CT image. The sharpness of the 
imagery also has the effect on the true spatial resolution of a CT image. The 
conventional medical CT devices have a 0.5-2mm resolution for meter-scale to 
decimetre-scale objects. “Ultra high resolution” instruments have 10    for 
centimeter-scale to millimeter-scale objects (Kyle and Ketcham, 2015). Observations 
using this technique can be coupled with the results from other modern automated 
mineralogy measurements in 2D such as QEMSCAN or MLA. The distribution of 
cracks and mineral dissemination in ore particles can be determined in 3D using XCT 
technology. The overlapping X-ray attenuation makes the discrimination difficult such 
as determination of chalcopyrite and magnetite. This issue is the main technological 
limitation of XCT which, like all the other technologies, has its own limitations (Evans, 
Wightman, and Yuan, 2012). The bilateral filtering algorithm was originally proposed 
by Tomasi and Manduchi (Tomasi & Manduchi, 1998) to reduce the noise level in 
digital images. 
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For monochromatic X-ray sources the relationship between the intensity of the 
incident and attenuated X-rays (respectively, I0 and I ) and h, the thickness of the 
object, may be expressed by Beer’s law, (Van Geet et al., 2000): 
 
  
                          Equation 4 
The linear attenuation coefficient, μ, is known to depend predominantly on two 
processes, namely photoelectric absorption and Compton scatter at energy levels 
below 200 kV (Demir and Sahin, 2009): 
 
   (   
    
    
)                          Equation 5 
 
Where ρ is the bulk density of the material, Z is the bulk atomic number of the 
material, E is the X-ray energy and a and b the energy-dependent coefficients. The 
first and second terms of Eq. (5) correspond to Compton scatter and photoelectric 
absorption, respectively (Van Geet et al., 2001). A third process that occurs is 
coherent scattering (Thomson/Rayleigh type); however, this is negligible and 
therefore not incorporated into the equation (Van Geet et al., 2005). 
For mixtures of atoms, the effective atomic number Ze is used: 
 
   (∑    
   )
 
                        Equation 6 
 
Where fi is the fraction of the total number of electrons contributed by element i, and 
Zi is the atomic number of element i. The linear attenuation coefficient (μ) will 
become increasingly dominated by photoelectric absorption due to the presence of 
the factor Z3.8 in Eq. (6) (Boespflug et al., 1995).  
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2.5 Measuring Rock Strength and Comminution Model Parameters  
“The word comminution is derived from the Latin comminuere, meaning “to make 
small.” Making small particles out of large particles is a surprisingly pervasive human 
technology which has been used since pre-history in the building of shelters, temples 
or military roads, or in creating tools or weapons” (Mineral Comminution Circuit, 
JKMRC; 1999 p1).  
 
“A modern industrial civilisation cannot exist without exploiting a wide range of 
comminution technologies, from the coarse crushing of mined ore and quarry rock, to 
very fine grinding for the production of paint, pharmaceuticals, ceramics, and other 
advanced materials. Rock cutting and blasting can also, without too much semantic 
risk, be considered the first stage of comminution in mining and quarrying operations. 
There is increasing evidence that integrating the comminution stages of geology, 
mining and mineral processing in a holistic way, rather than seeing them as 
decoupled or even competitive elements of the production process, can produce 
substantial economic benefits” (Mineral Comminution Circuit, JKMRC; 1999 p2).  
 
Nearly all mine sites, mineral processing operations, including the beneficiation of 
metalliferous and industrial minerals, iron ore, coal, precious metals and diamonds, 
and the preparation of quarry rock, are major users of comminution machinery.  
In the mine site context, the term “comminution” encompasses the following unit 
operations: 
 
Figure 2-18: The schematic diagram of comminution includes crushers; 
tumbling mill; stirred mills 
Sizing Processes  
Stirred 
mills  
Tumbling 
mills 
Crushers  
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The crushers have different kinds such as the jaw, gyratory, cone, rolls, high 
pressure grinding rolls, impact. It varies depending on the direction of applied force, 
and tumbling mills are classified as autogenous (AG), semi-autogenous (SAG), rod 
and ball according to the grinding media they are using. The stirred mill such as a 
tower, vertical pin, horizontal pin and disc mills are classified based on mechanical 
design. Screens, sieve beds, hydrocyclones and another type classifier must be in 
use with comminution devices as a part of sizing processes (Figure 2-18).  
 
Comminution is the stage in the mineral processing circuit where the rock is 
physically broken and successively reduced in size until the valuable minerals are 
liberated from the unwanted minerals (King, 2001). There are two basic types of 
comminution mechanisms involved in the size reduction stages: crushing and 
grinding equipment. Crushers are a dry process and grinding is typically a wet 
process. Rock breakage under crushing includes compression and impact with hard 
surfaces in a restricted path within the crushers while grinding includes abrasion and 
impact by the free motion of unconnected media, such as steel balls, pebbles, etc. 
Rock breakage in compression produces a fine-sized product, while tensile failure 
produces a coarse-sized product. The rock breakage inside the processing zones of 
the comminution machinery has led to the opinion that breakage needs to be studied 
starting with single particle events (Unland, 2004).  
 
Single particle breakage, such as in the case of brittle rocks, is fundamental to 
fracture studies in different practical laboratories, for example in rock mechanics, 
mineral processing, and civil engineering. Fracture mechanisms and the mechanical 
behaviour of brittle rocks have been studied for more than fifty years in both 
compressive and impact loading. The fundamentals of rock fracture mechanisms can 
be effectively studied by controlled experiments using single particle breakage. Since 
the early 1960’s, single particle breakage tests have provided key insights into 
understanding rock fracture in comminution (Goldsmith 1960; Fadeev 1969; Lajtai 
1974; Beisetaev 1976; Mishnaevski 1995; Eberhardt 1999).  
 
The available techniques to measure the rock strength and its used in predictive 
comminution modelling are reviewed in this section. 
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2.6 Estimation of Rock Strength 
2.6.1 Rock Strength 
The estimations of the strength and mechanical features of rock masses are valuable 
parameters for slope design, underground excavation and mining activities. Rock 
strength is the value of stress required to break down a sample. It can be further 
divided into compressive strength (C), shear strength (S0) and tensile strength (T). 
Observations show that for the same kind of rock sample, the tensile strength is the 
least, shear stress is intermediate, and compressive strength is greatest. 
 
The overall strength of a rock mass is predominantly controlled by lithological and 
structural properties (Cai et al., 2007). According to Paterson (1978), estimation of 
rock strength depends on rock type and composition, rock grain size, rock 
weathering, rock density and porosity, rate of loading, confining stresses σ2 and σ3, 
geometric size and shape of the test specimens, rock anisotropy, water pore 
pressure and saturation, the testing apparatus (end effects, stiffness), temperature 
and time.  
 
Another key aspect of rock strength is the strength of the intact rock. Intact rock 
strength (IRS) defines the strength of the intact block material and as such partially 
governs the strength of a rock mass (Rahim et al., 2009). The term “intact rock” 
refers to the non-fractured blocks that exist between structural discontinuities, 
whereas the term “rock mass” is defined as the rock material together with the three-
dimensional structure of discontinuities (Figure 2-19).  
 
Figure 2-19:  Illustration of a rock mass (Rahim et al., 2009). 
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A rock mass has reduced tensile and shear strength (almost zero), compared to 
intact rock, especially along discontinuity planes. The rock mass strength tends to be 
anisotropic when the rock mass is cut by a joint directional set. Rock mass strength is 
closely related and dependent on the scale and volume of rock. Thus, there are 
many ways intact rock can fail.  
 
The configuration and the distribution of the load, the geometry of the problem are 
the main controlling factors for the nature of rock failure. The failure of a rock mass is 
also related to the tension, compression and shear conditions. Nevertheless, the 
failure may occur along the intact rock alone, the discontinuities alone, or a 
combination of the two. In order to overcome the problems with the rock strength 
determination, a number of criteria have been developed by researchers (Hoek, 
1983; Hoek and Brown 1988; Hoek, Wood, and Shah, 1992; Hoek et al., 2002; Hoek 
and Diederichs, 2006). The Hoek-Brown criterion (2002) has widespread use as a 
method of analysis in current rock engineering since it provides the most reliable set 
of results. The generalized Hoek-Brown failure criterion for both intact rock and rock 
masses is defined by the following formulas (Hoek et al., 2002):  
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Where σ'1 and σ'3 are the maximum and minimum effective principal stresses at 
failure,  
mb is the value of the Hoek-Brown constant mi for the rock mass,  
GSI is the Geological Strength Index, 
s and a are constants which depend on upon the rock mass characteristics, and  
σci and D are the uniaxial compressive strength and disturbance factor of the intact 
rock pieces. 
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The estimations of the strength and deformability of intact rock and rock masses with 
the Hoek-Brown criterion is possible only if the three ‘properties’ of the rock mass are 
known. These are: 
 Uniaxial compressive strength σci of the intact rock pieces,  
 Value of the Hoek-Brown constant mi for these intact rock pieces, and  
 Value of the Geological Strength Index GSI for the rock mass. 
 
2.6.2 Material Strength Testing 
The most common methods for determining the rock strength are uniaxial 
compression testing, indirect tensile testing (Brazilian Test, Beam Test), point load 
test (PLT), triaxial compression test, non-destructive tests (Schmidt Hammer, 
Ultrasonic Tests) and Hopkinson Bar Tests. These tests have their own applications 
such as to determine the tensile strength, to determine the point load, which is the 
highest load the rock can bear before it fails, and to determine the uniaxial 
(unconfined) and triaxial (confined) compressive strength of the rock. The summary 
of most available techniques is given in Table 2-2.  
 
In this research study; it is important to investigate the test methodology which 
measures the energy requirement to break the rock instead of measuring the 
response of the rock to the test. In other words; the investigation on available test 
methods are completed in the context of breakage, grinding, and liberation.  
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Table 2-2. List of rock strength, breakage testing and its calculation methods. 
ROCK STRENGTH MEASUREMENTS                             1/4 
NAME FORMULA/METHOD 
Uniaxial Compression 
Test 
To determine the unconfined (or uniaxial) compressive 
strength of rock specimens of cylindrical form. The loads 
on the specimen are applied continuously at a constant 
stress rate such that failure will occur within 5 to 10 
minutes of loading. 
Point Load Test (PLT) 
Compressing of a rock sample between 
conical steel platens until failure occurs.  PLT allows the 
determination of the uncorrected point load strength index 
(Is). It must be corrected to the standard equivalent 
diameter (De) of 50 mm.                
Schmidt Hammer Test 
Rock strength and deformability characterization. A 
hammer released by a spring indirectly impacts against 
the rock surface through a plunger and the rebound 
distance of the hammer is then read directly from the 
numerical scale or electronic display ranging from 10 to 
100.  
EQUOtip Hardness 
Testing 
During the hardness test, the 
tungsten carbide test tip impacts under spring force 
against the test surface with an impact energy of 
approximately 11Nmm and then rebounds. The impact 
and rebound velocities are measured. The Leeb hardness 
value is calculated as; 
Ultrasonic Tests 
The transition time of a traveling elastic pulse is measured 
between two points in a core plug, and compressional and 
shear wave (P & S waves) velocities are calculated in 
order to determine rock dynamic elastic constants and 
identify cracks and defects in the rock matrix. 
        
 ⁄  
           ⁄  
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ROCK STRENGTH MEASUREMENTS                             2/4 
NAME FORMULA/METHOD 
Brazilian Test 
Determining the indirect tensile 
strength of the rock by diametrical line compression of a 
disk form specimen. The tensile load is applied to the 
samples until they break in two. 
Beam Test (Bending 
Test) The tensile strength is expressed in terms of 
modulus of rupture, which is the maximum stress at 
rupture captured from the flexure formula. 
Confined Compression 
Tests (Triaxial Tests) 
A cylindrical core sample is loaded axially to failure, at 
constant confining pressure. The peak value of the axial 
stress is taken as the confined compressive strength of 
the sample. The axial and radial strains may be monitored 
during this test, to determine basic elastic constants.  
Hopkinson Bar Testing Determining material properties at 
high rates of strain, such as the specimen stress. 
Single-Particle Fracture 
under Impact Loading  Measuring the particle fracture energy directly under two-
point impact loading conditions with an ultra-fast load cell 
to calculate the energy absorbed by the particle. 
SAG Mill Comminution 
Test (SMC) 
The SMC test can be used to obtain A and b values and to 
estimate the abrasion parameter ta and crusher model 
energy matrices. It can also be used to conduct AG/SAG 
mill and crusher circuit simulations. 
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ROCK STRENGTH MEASUREMENTS                   3/4 
NAME FORMULA/METHOD 
Bond Mill Work Index 
 
 
The Bond Index is used to determine the 
energy requirements in grinding an ore down to 
a target size distribution which is created as a 
comminution design tool. The equation gives 
the work input.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 
Bond Ball Mill Work Index (BWI) 
 
The BWI controls the calculation of the basic 
energy requirements of the comminution circuit.  
Bond Rod Mill Work Index (RWI) 
 
It is used to calculate the power draw 
requirements of a rod mill. 
Twin Pendulum Test 
The energy absorbed by the particle during 
breakage is calculated by measuring the 
velocity (potential energy) of the impactor and 
the anvil after the impact. 
JK Drop Weight Test (JKDWT) 
The DWT apparatus and its associated data 
reduction technique were developed so that the 
relationship between specific energy input and 
resultant product size could be determined. 
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ROCK STRENGTH MEASUREMENTS                             4/4 
NAME FORMULA/METHOD 
A) Impact Breakage Testing 
 
The particles are broken under impact at the 
required energy level using the JK Drop Weight 
Tester; it simply involves dropping a weight 
from a number of pre-calculated heights onto 
the rock to cause single-impact breakage under 
a range of 3 energies. 
B) Abrasion Breakage Testing 
 
The standard abrasion (low energy) breakage 
test tumbles 3 kg sample of -55 +38 mm 
particles for 10 minutes in a standard abrasion 
test mill. For calculating the abrasion 
parameter; 
 JK Rotary Breakage Test (JKRBT) 
    
    [  √  (
       
  )]
 
    
                  
Estimating the particle breakage 
characterization. The specific energy of each 
impact in the JKRBT is defined by the impact 
velocity. 
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2.6.3 Uniaxial (Unconfined) Compressive Strength Tests (UCS) 
The uniaxial compressive strength of rock materials is relatively easy to determine, 
and standardized test procedures are widely used. The compressive strength of 
material is defined by the amount of uniaxial compressive load before yielding or 
fracturing. The compressive strength data of rocks are valuable tools in mine design, 
strata control, drilling, blasting, building stone selection, and various other 
engineering applications. Even though UCS tests are useful and widely-used tools for 
rock strength determination, there are several problems caused by the nature of 
intact rock strength and using strength values based on UCS laboratory tests, such 
as: 
 
 The UCS includes discontinuity strength for rock masses with small 
discontinuity spacing. The UCS test sample is generally about 10 cm long and 
if the discontinuity spacing is less than 10 cm the core may include 
discontinuities. 
 
 The samples for laboratory testing are likely to be of better quality than the 
average rock because the poor rock is often disregarded when to drill core or 
samples break, and cannot be tested (Laubscher, 1990). 
 
 The intact rock strength is related to the sample orientation if the intact rock 
displays anisotropy. 
 
2.6.4 Uniaxial Compression Test 
The uniaxial compression test is used to determine the unconfined (or uniaxial) 
compressive strength of rock specimens in cylindrical form. A continuous load at a 
constant stress rate is applied to the specimen until the failure occurs (within 5 to 10 
minutes of loading). Via UCS, the strength classification and characteristics of rock 
can be estimated.  
 
Several researchers have collected the unconfined compressive strength values for 
different rock types (Balmer, 1953; Johnson and DeGraff, 1988; Hatheway and 
Kiersch, 1989; Goodman, 1989; etc.). Typical values are given in Table 2-3 and 
Table 2-4. 
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Table 2-3. Typical values of uniaxial strength (in MPa) for nine common rock 
types (after Johnson and Degraff, 1988). 
 
Table 2-4. Mean tensile strength and compressive strength for selected 
sedimentary rock types (after Johnson and Degraff, 1988). 
 
The mechanism and specimen preparation requirements for uniaxial compression 
testing are detailed in ASTM D-2938-86, and the ISRM recommended methods 
(Bieniawski and Bernede, 1979). The choice of platens also has an important impact 
on end effects. 
 
2.6.5 Variability of unconfined compressive strength  
Unconfined compressive strength is a commonly used parameter for rock mass 
characterization, slope stability analysis, bearing capacity analysis for foundations, 
the design of underground excavations, and selection of excavation methods (Ruffolo 
and Shakoor, 2009). The estimation of unconfined compressive strength can be 
challenging since the value of unconfined compressive strength frequently varies 
from the same rock. The variability of rock properties is divided into three 
components: inherent variability (even a homogeneous rock displays variability by 
nature), statistical uncertainty (caused by limited field sampling and laboratory 
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testing), and systematic uncertainty (which originates from discrepancies between 
the laboratory and in-situ conditions such as scale, anisotropy, water saturation, etc.) 
(Duzgun et al., 2002). Moreover, the number of samples, testing methodologies and 
variations in sample scales and loading rates can also cause variability in 
compressive strength for the same rock. 
2.6.5.1  Number of samples 
According to a detailed statistical analysis performed by Gill et al. (2005), it is 
impossible to determine the minimum sample number for laboratory testing of rock 
properties without prior testing. Numerous testing agencies have established their 
own standards for ascertaining the minimum number of samples required to test for 
unconfined compressive strength. The American Society for Testing and Materials 
(ASTM, 1993) suggests a minimum of 10 test pieces to find the average compressive 
strength, the International Society for Rock Mechanics (ISRM) recommends at least 
five samples (Bieniawski, 1979), and the Canada Center for Mineral and Energy 
Technology prefers three samples (Gyenge and Ladanyi, 1973). 
2.6.5.2 Sample scale  
The effect of sample scale can be split into two categories: size and shape. The size 
effect is defined by the influence of absolute size (i.e. diameter) of the core sample 
where the length/diameter ratio is left constant. The shape has a significant impact of 
variation of the length/diameter ratio of a cylindrical specimen (core) on rock strength 
properties. For the uniaxial compressive strength test the scale of rock samples has 
been defined by ISRM (1981) as 50 mm in diameter. A rock consists of minerals and 
grains bounded together which therefore includes microscopic cracks and fissures. In 
order to avoid local effects and to detect all of the components influencing strength, 
larger samples are required for testing. Thus the strength is size-dependent. 
According to Hoek and Brown (1980) the scale effect (for specimens between 10 and 
200 mm) can be calculated by (Figure 2-20): 
                           Equation 8 
σc50 indicates specimens of 50 mm diameter, whereas d indicates the diameter (in 
mm) of the actual sample. 
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Figure 2-20: The effect of specimen size upon the uniaxial compressive 
strength of intact rock 
(from Hoek and Brown, 1980; Palmström, 1995). 
 
According to ASTM (1986) the shape correction for unconfined compressive strength 
test is:  
  
  
             ⁄  
        Equation 9 
Where C= calculated the compressive strength of an equivalent 2:1 length/diameter 
specimen. 
Ca= measured compressive strength of specimen tested; D= test core diameter; L= 
test core height. 
 
2.6.6 Saturation 
The effect of water content on the strength of rocks is controversial. From the 
published literature, however, there is only a general opinion that moisture may 
cause a significant decrease in the strength of rocks (Palmström, 1995). Salustowicz 
(1965) has stated that the decrease due to moisture in sandstones and shales can 
vary between 40% and 60% with respect to dry strength. Colback and Wiid (1965) 
indicated a decrease from dry to saturate in order of 50% both for quartzitic shale and 
for quartzitic sandstone. Table 2-5 shows some published comparisons between 
compressive strength for saturated vs. dry specimens. According to the results 
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shown in Table 2-5, wet strength may be higher than dry probably due to the 
heterogeneity and possible errors caused by the limited number of tests conducted 
(Ruiz, 1966). Broch (1979) has also pointed out this effect for some very fine-grained 
rocks (basalt, black shale).  
 
Table 2-5. Effect of saturation on rock strength (worked out from Lama and 
Vutukuri, 1978, with data from Feda, 1966; Ruiz, 1966; Boretti-Onyszkiewicz, 
1966). 
 
The results may vary according to whether the samples have been oven-dried or air-
dried. Broch (1979) demonstrated that the main strength decrease usually occurs 
when water contents are less than 25%. Seshagiri Rao et al. (1987) also found that 
the main strength decreases for sandstones occurs at low moisture content (Figure 
2-21). 
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Figure 2-21: (A) Point-load strength as a function of water content in rock cores 
(from Broch, 1979; Palmström, 1995). (B) Variation in uniaxial compressive 
strength with equilibrium moisture content for sandstones (from Seshagiri Rao 
et al. 1987; Palmström, 1995). 
 
2.6.7 Confined Compression Tests (Triaxial Tests) 
In a triaxial compression test, an axial load at a constant confining pressure is applied 
to a cylindrical core sample until failure occurs. Theoretically, the highest axial stress 
value is accepted as the confined compressive strength of the sample. Besides the 
axial stress, axial and radial strains may also be observed during this test, to define 
basic elastic constants (Young’s Modulus, E, and Poisson’s ratio, ν).  
 
Conventional triaxial testing is usually costly and laborious. In order to predict the 
rock strength with satisfactory accuracy, twenty or more triaxial tests may be 
required. The number of tests depends on the homogeneity of the sample and the 
scatter of the data. A simpler cell design was developed by Franklin and Hoek (1970) 
to expedite the testing system. This cell applies a confining pressure only and is used 
in conjunction with a conventional compression-testing machine to apply an axial 
force to the specimen. The axial force is applied via two spherically-seated platens in 
order to minimize bending stresses. The main component of the cell design is a one-
piece synthetic rubber sleeve that holds an annulus of fluid while the specimen is 
inserted, tested to failure and then extruded (Franklin and Hoek, 1970).  
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Triaxial compression tests are useful tools (especially for soil samples) for 
representative failure locus modeling if they are performed at several confining 
pressures and preferably if unconfined compression and tensile test data are 
available. Although they have many advantages, there are also several limitations 
that must be overcome. The triaxial cell is depicted in Figure 2-22. 
 
Advantages 
 Diverse loading condition types can be observed. 
 Various soil properties can be obtained (shear strength, internal friction angle, 
etc.). 
 Relatively simple preparation and testing procedures. 
 Uniform stress distribution on the failure plane. 
 Direct measurement of the volumetric and the pore pressure changes. 
 Since the state of stress at all intermediate stages up to failure is identified, the 
Mohr circle can be drawn at any stage of shear. 
 
Disadvantages  
 Coarse-grained and non-cohesive soils cannot be tested. 
 The apparatus is elaborate, bulky and costly. 
 There are limitations to determining the cross-sectional area of the specimen 
at larger strains, as the assumption that the specimen remains cylindrical is 
invalid. 
 Due to frictional restriction produced by the loading cap and the pedestal disc, 
the strain conditions in the specimen are not uniform. Therefore, dead zones 
form at each end of the specimen. 
 The consolidation of the specimen in the test is isotropic, whereas, in the field, 
the consolidation is anisotropic.  
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Figure 2-22:  The triaxial cell (re-drawn after Hoek, 1965).  
 
2.6.8 Point Load Test (PLT) 
Broch and Franklin (1972) suggested a testing method termed the Point Load Test 
for overcoming some of the problems associated with the unconfined compression 
test. The PLT is a useful alternative to the UCS because it enables similar data 
outcome at a lower cost. The PLT involves the compressing of a rock sample 
between conical steel platens until failure takes place. The setup for this test involves 
a rigid frame, two point load platens, a hydraulically-activated ram with pressure 
gauge and a device for measuring the distance between the loading points. The 
pressure gauge should be of the type in which the failure pressure can be recorded. 
Point load tests can be divided into three main types: axial, diametral, and block or 
lump. The axial and diametral tests are conducted on rock core samples. In the axial 
test, the core is loaded parallel to the longitudinal axis of the core; this test is the one 
most comparable to a UCS test.  
 
The point load test allows the determination of the uncorrected point load strength 
index (Is). It must be corrected to the standard equivalent diameter (De) of 50 mm. If 
the core being tested is "near" 50 mm in diameter (like NX core), the correction is not 
necessary. The procedure for size correction can be obtained graphically or 
mathematically as outlined by the ISRM procedures. The value for the Is50 (in psi) is 
determined by the following equation: 
                   Equation 10 
P = Failure Load in lbf (pressure x piston area). 
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De = Equivalent core diameter (in). 
Several studies (Bieniawski, 1975; Broch and Franklin, 1972) conducted on hard and 
strong rocks indicate that the correlation between UCS and the point load strength 
can be calculated as: 
                             Equation 11 
Where K is the "conversion factor." Subsequent studies have found that K=24 is not 
as universal as had been expected and that instead there appears to be a wide 
range of conversion factors. Table 2-6 summarizes published results obtained for 
sedimentary rocks. Most of the estimates place the conversion in a range between 16 
and 24, with even lower values for some shales and mudstones. 
Table 2-6. Published comparisons between the point load and uniaxial 
compressive strength test for sedimentary rock. 
 
According to Broch and Franklin (1972), the PLT has the following advantages 
compared to the UCS test: 
 Smaller forces are needed, and a small and portable testing machine can be 
used. 
 Specimens in the form of the core are used and require no machining. 
 More tests can be made for the same cost. 
 Fragile or broken materials can be tested. 
 Results show less scatter than those for the uniaxial compression test. 
 Measurement of strength anisotropy is simplified. 
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However, the problems listed for the UCS test can also apply to the PLT. The 
inclusion of discontinuities in the rock will cause a PLT value tested parallel to this 
discontinuity to be considerably lower than if tested perpendicular. This effect is 
stronger for the PLT than for a UCS test. 
 
2.6.9 Non-destructive Strength Tests 
2.6.9.1 Schmidt Hammer Test 
The Schmidt hammer has been used in the field of rock mechanics since the early 
1960’s as an index test for quick rock strength and deformability characterization, due 
to its rapidity and ease of application, simplicity, portability, low cost and non-
destructiveness (ASTM, 1986) (Figure 27).  
 
The mechanism of operation is simple: a hammer released by a spring indirectly 
impacts against the rock surface through a plunger and the rebound distance of the 
hammer is then read directly from the numerical scale or electronic display ranging 
from 10 to 100 (Ozkan and Bilim, 2008). In other words, the rebound distance of the 
hammer mass that strikes the rock through the plunger and under the force of a 
spring indicates the rebound hardness. Obviously, the harder the surface, the higher 
the rebound distances.  
 
Figure 2-23:  Schmidt Hammer application on blasted ore and drill core, HVC 
mine (the photos are taken by Yildirim, 2012). 
 
This test can be used both in the laboratory and in the field. Various researchers 
have proposed a variety of empirical equations for calculating UCS from N (Schmidt 
Hammer rebound number). They have found that Schmidt hardness and the UCS are 
Chapter 2: Literature Review 
 
   
 Barış Gazanfer Yıldırım  81 
closely related. The relationships between Schmidt hardness and UCS are 
summarized in Table 2-7. 
Table 2-7. Correlation between Schmidt hammers hardness and uniaxial 
compressive strength (UCS) (Torabi et al., 2010). 
 
 
2.6.9.2 EQUOtip Hardness Testing 
The EQUOtip rebound hardness test is a non-destructive hardness core-based 
measurement technique originally developed for measuring the hardness of metallic 
materials (Verwaal and Mulder, 1993. The tool is more sophisticated than Schmidt 
hammer, but the working mechanism is very much similar. It enables the comparison 
of hardness-related comminution parameters (e.g. A*b, BMWI) and enhances 
unconfined compressive strength (UCS) and point load test data. EQUOtip data is 
mainly used for geometallurgical matrix modelling as well as a domaining tool for ore 
body characterisation. The EQProcess software package has been developed in 
order to process and edit the EQUOtip results.   
 
The EQUOtip, produced by PROCEQ, is a portable electronically-controlled velocity 
rebound hardness tester which can be applied directly on site and in any orientation. 
The EQUOtip unit consists of an impact device and a control/logging box (Figure 
2-24). During a hardness test, the tungsten carbide test tip impacts under spring 
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force against the test surface with an impact energy of approximately 11Nmm and 
then rebounds (Keeney, 2008). Impact and rebound velocities are measured in a 
contactless manner when the test tip is located 1mm from the test surface (Verwaal 
and Mulder, 1993). The measurement is obtained by a permanent magnet built into 
the impact body which passes through a wire coil. During movement of the magnet 
through the coil, electrical voltages are generated which are proportional to the 
velocity of the impact tip. 
The Leeb hardness value is calculated by the following equation (Proceq, 1978):  
   
      
  
        Equation 12 
Where; 
Ls = Leeb Hardness Value. 
vr = Rebound Velocity. 
vi = Impact Velocity. 
 
Figure 2-24: EQUOtip Impact Device and accessories for the EQUOtip head 
unit, the photos are taken by Yildirim at HVC in 2012.  
 
Even though the procedure for using the EQUOtip is simple, the accuracy of the 
measurements is dependent on various factors such as machine-related factors, 
including grain size and immediate grain support, localised micro-scale volume 
integration, and mineral hardness at the point of impact. The machine-related factors 
can be handled with a simple machine calibration; however rock-related factors 
require a series of experimental programs (Keeney, 2008). In order to determine 
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whether or not the data have to be corrected, the following guidelines were proposed 
by PROCEQ (1978); 
 If the mean of results from the standard falls within the error of the standard 
and the range of the test data is ≤16 Ls, then the results are acceptable. 
 
 If the mean of results from the standard falls between 1 and 2 error units of the 
standard and the range of the test data is ≤16 Ls, then the following correction 
should be applied: 
     
         
         
 
                        Equation 13 
Where; 
C.F. = Correction Factor 
LStandard = Leeb value of the standard block 
Lmeasured = Average Leeb value from readings taken on the standard block 
LS new = Corrected Leeb value of the sample being tested 
LS old = Leeb value of the sample being tested. 
The number of readings taken is also another source of error. In order to determine 
the required number of readings to achieve better accuracy for the rock hardness 
evaluation, standard error plots are used. The standard error in these plots is 
calculated by the following formula:  
     
 
√ 
        Equation 14 
Where; 
σ = Standard Deviation of measured values. 
n = Number of measurements taken. 
 
2.6.9.3 Ultrasonic Tests 
Laboratory ultrasonic tests are becoming very popular due to their non-destructive 
nature, high precision, and low cost. In rock mechanics, these techniques are 
regularly used for determining rock dynamic elastic constants. In addition, they are 
also utilized for evaluating rock quality and identifying cracks and defects in a rock 
matrix. The transition time of a traveling elastic pulse is measured between two 
points in a core plug, and compressional and shear wave (P & S waves) velocities 
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are calculated. The dynamic elastic constants of rock can then be calculated by 
having obtained these values. 
 
The velocity of elastic waves in a rock depends on various parameters such as 
mineralogy, grain size, density, porosity, weathering, stress level, water absorption, 
water content and temperature.  
 
The ultrasonic test enables the velocity of propagation of P and S waves in laboratory 
rock samples to be determined. In this test, the frequency of the wave should be 
high, and rock specimens should have an infinite extent compared to the wavelength 
of the pulses. The specimens can be rectangular blocks, cylindrical cores or even 
spheres (for determination of elastic symmetry of anisotropic rocks). This test is 
conducted accordingly with the ISRM recommended methods or the ASTM D2848 
standard. 
 
2.6.10 Indirect Tensile Strength Tests 
The tensile strength of material is defined as the ability to carry uniaxial tensile loads 
without yielding or fracturing. For determining the tensile strength, indirect tests are 
employed when a direct-pull uniaxial test is not applicable. The tensile strength is 
generally measured by indirect tests (Brazilian Test, Beam Test), in which the tensile 
stress is generated by compressive loading (Keneti and Wong, 2010). 
2.6.10.1 Brazilian Test 
In the Brazilian Test, the tensile load is applied as diametrical line compression on a 
disk-form specimen until it breaks in two. This applied load is considered as the peak 
load that the samples can tolerate before a failure takes place. The load on the 
specimen must be applied continuously at a constant rate so that failure occurs within 
a few minutes. The actual load depends on the strength of the material and the size 
of the specimen, and may vary. It is usually assumed that failure results from the 
uniform tensile stress normal to the splitting diameter and that the tensile strength, 
too, is given by the value of σ3 (= -To) at failure: 
To= 
  
   
        Equation 15 
Where P is the maximum compressive load recorded during the test, D is the 
diameter, and t is the thickness of the test specimen. When using, the Brazilian Test 
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special precautions must be taken at the contact between the rock and the loading 
platens to avoid crushing, which could throw doubts as to the mechanism of failure in 
the test sample. Strips of paper or steel loading jaws are often used to replace the 
point load by a strip load over an angle not exceeding 10° (Hondros, 1959). Figure 
2-25 shown typical fracture failure of Brazilian tests. 
 
Figure 2-25: Typical failure mechanisms in the Brazilian Test (Dan, 2013). 
 
2.6.10.2 Beam Test (Bending Test) 
Tensile strength can be determined by indirect tests such as beams in flexure (three- 
or four-point loading). The strength, in the Beam Test, is expressed in terms of the 
modulus of rupture, which is the maximum stress at rupture captured from the flexure 
formula (Biolzi et al., 2001); 
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        Equation 16 
Where Mmax is the maximum moment at the peak load and S is the elastic section 
modulus. In general, it is stated in the literature that the data from the modulus of 
rupture tests are inclined to overvalue the tensile strength by as much as 100 
percent, mainly because the stress-strain relationship is assumed to be linear 
throughout the critical cross-section of the specimen (Jaeger and Cook, 1976). 
 
Bending tests are also a viable alternative for estimation of uniaxial stress-strain 
relationships (Laws, 1981; Mayville and Finnie, 1982) and the simplest method for 
estimating the time-dependent behavior of rock (creep) (Price, 1964). However, these 
evaluations may well be inaccurate in the large strain range because they seem to be 
sensitive to the boundary conditions (Catteneo and Rosati, 1999). The size effect is 
generally examined through a comparison of geometrically similar structures of 
different sizes and is characterized by load parameters (such as the nominal 
strength) and overall structural response (Bazant and Planas, 1998). The Bend Test 
of a concrete beam is shown in Figure 2-26. 
 
Figure 2-26: Bend Test of a concrete beam, Bazant, and Planas, 1998. 
 
2.6.11 Absolute Strength Measurement 
2.6.11.1 Hopkinson Bar Testing 
The Split Hopkinson Bar Test is in widespread use for determining material 
properties at high rates of strain.  The test setup in the Split Hopkinson Bar Test 
consists of a short cylindrical specimen inserted between two long elastic bars, as 
Chapter 2: Literature Review 
 
   
 Barış Gazanfer Yıldırım  87 
shown in Figure 2-27. The bars are generally made of high-strength merging steel 
with diameters less than 0.75” and a length near five feet. 
 
Figure 2-27: Schematic of the Split Hopkinson Bar Apparatus (Kaiser, 1998). 
Specimen dimensions are ¼” diameter and ¼” length. The ends of the pressure bars 
and specimen are machined flat to support prearranged boundary conditions. 
Usually, a striker bar is fired into the end of the input bar, producing a compressive 
stress pulse. Immediately the following impact, this pulse is transmitted along the bar 
towards the input bar-specimen interface at which the pulse is partially reflected into 
the input bar and partially transmitted through the specimen and into the output bar. 
The reflected pulse is reflected as a wave in tension, whereas the transmitted pulse 
remains in compression. The strain histories in the two pressure bars are recorded by 
strain gauges A and B. 
For calculating the specimens stress (Kaiser, 1998): 
        
  
 
             Equation 17 
Where E is the output pressure bar’s elastic modulus, Ao is the output bars cross-
sectional area, A is the sample’s cross-sectional area, and  T(t) is the transmitted 
strain history. 
 
2.6.12 Single-Particle Fracture under Impact Loading by Tavares and King 
Industrial comminution processes are usually inefficient in their use of energy 
because considerably more energy is consumed by the operating equipment than is 
required to break the particles (Tavares, 2004). The breakage of brittle particles 
under conditions of applied compressive stress and the nature of the failure 
mechanisms are the key concerns for comminution. The focus of this study is the use 
of the UFLC (Ultrafast Load Cell) to describe the mechanical behavior of brittle 
materials up to fracture under impact loading.  
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The particle fracture energy and the breakage probability function are a function of 
material composition, microstructure type, particle size and shape (Tavares and King, 
1998). Since the particle stiffness is closely related to deformation behavior of the 
particles, it can be used to evaluate comminution. 
 
The specific particle fracture energy has been determined directly under slow 
compression conditions, indirectly from breakage estimation measurements under 
single-point ballistic impact loading, and indirectly from breakage probability 
measurements in drop-weight tests (Hildinger, 1969; Baumgardt et al., 1975; Krogh, 
1980; Tavares and King, 1998). The development of the UFLC was pioneered with a 
view to determining the particle fracture energy directly under two-point impact 
loading conditions. 
 
The energy utilization can be determined as a function of surface area increase per 
unit of energy consumed. It has been observed that the applied energy under single-
point ballistic impact loading (15-50 J/g) is considerably greater than the slow 
compression (1 J/g or less) process. On the other hand, under particularly rapid 
loading conditions by ballistic impact, the optimum required energy vary between 5 
and 10 J/g. Since the average rate of loading typically experienced by particles in a 
ball mill must lie between the two extremes of slow compression and ballistic impact, 
it is important to establish the relationship between energy utilization and the intensity 
of energy application under conditions of rapid two-point impact loading. 
 
Brittle particles are fractured by compressive loading, and the most efficient way to 
examine the vital characteristics of the fracture process is through experiments on 
single particles (Tavares and King, 1998). The single-particle fracture process has 
two separate stages. The first stage includes the instant of impact until the instant of 
the first fracture, and the second stage extends from the instant of the first fracture 
until all breakage of progeny particles has ended. The UFLC can be used to examine 
both stages individually, but its ability to measure the single-particle fracture energy 
of individual particles under two-point impact loading gives UFLC a unique 
advantage. Using the UFLC for specific particle fracture energy measurements 
provides an absolute measurement of the amount of energy required for 
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comminution. It also has the advantage of using direct measurements of material 
properties instead of empirical data such as the Bond Work Index. 
 
The UFLC was designed at the Utah Comminution Center by Weichert with the 
combination of the simple drop-weight apparatus and the Hopkinson pressure bar 
(Weichert and Herbst, 1986). The UFLC is made of a long steel rod fitted with strain 
gauges, on which a single particle or a bed of particles is positioned and impacted by 
a falling steel ball (Figure 2-28). The compression experienced by a particle is 
obtained from the momentum balance of the falling steel ball and the ensuing 
deformation of the steel rod. The motion of the striking ball during the impact can be 
calculated from its momentum balance (Tavares and King, 1998): 
  
    
   
                Equation 18 
Where ub is the position of the center of gravity of the ball, m its mass, F is the force 
exerted by the particle on the ball and g is the acceleration of gravity.  
Combining the first equation with the initial conditions at the instant of contact (t=0) 
gives: 
   
  
        
 
  
∫        
 
 
         Equation 19 
Where   , the velocity of the striker at the instant of the contact. 
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Figure 2-28: Schematic outline of the Ultrafast Load Cell (Bonfils, 2014). 
After free-fall conditions are established, the velocity of the striker is calculated 
as         
  ⁄  where h is the initial distance between the bottom of the ball and 
the top of the particle (Tavares and King, 1998). Equation 19 enables a net approach 
between the center of gravity of the falling ball and a point in the rod distant from the 
point of impact. Thus,   indicates the overall deformation in the contact area, caused 
by the compression of the particle and the local depressions of the ball and the anvil. 
It can be determined by using the initial impact velocity, the ball mass and the 
experimentally-determined force-time profile (Tavares and King, 1998). Equation 20 
is valid until the arrival of the reflected strain waves at the strain gauge location: 
         
   
 
 
 
  
∫ ∫    ̂ 
 
 
 
 
  ̂   
 
      
∫       
 
 
   Equation 20 
 
Where         (        -  )        ,    and    are the density, the cross-
sectional area and the wave velocity of the rod. By ignoring the inertia of the particle 
during impact, force continuity exists at the surfaces in contact.  
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Figure 2-29: Illustration of the principle used to calculate the deformation 
experienced by a particle of brittle material during impact on the UFLC 
(Tavares and King, 1998). 
 
Data gathered from the UFLC were used to determine the below-mentioned vital 
characteristics related to the deformation and fracture of particulate materials. 
The particle fracture energy E’ is determined by the formula: 
   ∫    
  
 
         Equation 21 
Where   the particle deformation and    is the deformation at fracture. The UFLC 
gives the overall deformation in the vicinity of the contact. The energy required to 
break the particle using the UFLC can be calculated as: 
    ∫         ∫         
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∫   
  
 
       
Equation 22 
The following equation is used to determine the strength of a particle subject to 
impact on the UFLC: 
   
     
   
          Equation 23 
Where Fc is the fracture load and dp the distance between loading points.  
The particle stiffness can be directly calculated if the modulus of elasticity (Y) and 
Poisson’s ratio (µ) of the particle are known: 
   
  
    
            
    
      
       Equation 24 
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Where kb,r is the stiffness of the ball or rod and kp are the particle stiffness. 
Thus the particle fracture energy can be linked to the deformation at fracture and the 
local deformation coefficient: 
  
 
  
  
  ⁄     
  ⁄
        Equation 25 
Ke can be related to the critical load and the particle fracture energy by integrating the 
formulas: 
   (    
  
 
    
)
 
 ⁄
        Equation 26 
 
The stiffness of the particle can be determined by: 
   
     
       
         Equation 27 
Finally, with the addition of the other formulas three measures discussed in this work 
(the particle fracture energy, the particle strength, and the particle stiffness) are 
individually linked, given the stiffness of the apparatuses: 
     
  ⁄       
 
 ⁄        Equation 28 
The above-defined procedure applies to elastic spherical particles. For irregularly-
shaped particles, a specific equation is not established. Testing of a large number of 
non-spherical but relatively uniform particles on the UFLC indicated that differences 
with the theory were essentially in the initial portion of the profiles, especially due to 
surface crushing (Tavares and King, 1998). Under the assumption of perfect elasticity 
and lubrication of the bodies in contact the ratio between the compression of the 
particle   and the overall deformation in the contact area,   can be determined using 
Hertzian theory as follows: 
 
 
 
    
       
         Equation 29 
This equation is relevant to UFLC measurements as it can be used to evaluate the 
fraction of the measured energy calculated above that is absorbed by the particle: 
    
(
 
  
  
    
⁄   
)
 
 
        Equation 30 
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2.7 Measures of Comminution Stress 
2.7.1 Bond Test 
The Bond Mill Work Index is a preferred quantitative bankable test for characterising 
an ore in terms of how a grinding circuit (for example a production-scale ball mill) will 
respond to it (Napier-Munn et. al., 1996). The Bond Index is used to determine the 
energy requirements in grinding an ore down to a target size distribution which is 
created as a comminution design tool developed in 1952 by Fred Bond. Its aim was 
to define ore-specific crusher/mill selection. According to Bond’s third theory of 
comminution, work input is proportional to the crack tip length produced in particle 
breakage and equals the work represented by the product minus the feed, and can 
be expressed by the following relationship:  
      (
 
√   
 
 
√   
)                  Equation 31 
Where:  
W = Work Input (kwh/t)  
WI = Material Specific Constant (kwh/t)  
P80 = Size at which 80% of product passes (μm)  
F80 = Size at which 80% of feed passes (μm)  
T = Throughput of new feed (t/h)  
P = Power draw (kW)  
 
2.7.1.1 Bond Ball Mill Work Index (BWI) 
The BWI is the key factor for estimating the basic energy requirements of the 
comminution circuit. In order to determine the BWI, a 15 kg sample of representative 
ore at 100% +3.35 mm is crushed to 100% -3.35 mm. A closing screen is selected to 
target the chosen product size and grinding cycles are continued until a 250% 
circulating load is reached. The average of the last three net grams per revolution Gbp 
is the ball mill grindability. The Bond mill work index BWI is calculated from Ammtec, 
Bond Work Index Test (15 February 2014) <http://www. ammtec.com.au>. 
        
     
        
    (
 
√   
 
 
√   
)
            Equation 32 
Where: 
Gbp = Ball mill grindability in g/revolution 
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P = Product P80 in microns 
F = Feed P80 in microns 
A= Opening size in microns of the sieve size used 
 
Fifteen-kilogram of representative diamond drill core, cut or uncut, must be gradually 
crushed down to 100% -3.35 mm. Typical values of Bond ball mill work index for soft 
oxidized ore bodies have a range of 5-10 kWh/t at a standard product size of 80 % 
passing 75 μm. As competency rises medium primary ores will have BWI's in the 
range 10-15 kWh/t and very hard primary ores will be in the range 15-25 kWh/t. 
Ammtec, Bond Work Index Test (15 February 2014) <http://www. ammtec.com.au>. 
2.7.1.2 Bond Rod Mill Work Index (RWI) 
The RWI index is used for determining the required power for a rod mill, which 
permits a more accurate estimation of comminution energy requirements. In 
calculating the total energy requirement by bond procedure, the RWI is used for the 
secondary crusher product size, say 25 mm down to 2.1 mm, and the Bond Ball Mill 
Work Index is used from 2.1 mm down to the final product size. 
  
Ore with considerably higher RWI than BWI has a tendency to be more competent at 
larger particle sizes, which commonly generates problems in SAG milling. On the 
other hand, ores within similarly-ranged mill work indices can be processed without 
any complications.  
 
In order to determine the RWI, 12 kg of representative ore is gradually crushed down 
to 100% passing 12.5 mm. A standard volume is added to a standard RWI mill and 
ground dry at 46 rpm. The product is sized on a closing screen selected to be close 
to the design rod mill product size which will be in the range -4.7 +0.208 mm and is 
typically 2.1 mm. The new feed is added to replace the screen undersize, and the 
procedure is continued until a 100% circulating load builds up. 
 
The rod mill grindability Grp is the average of the last three cycles product expressed 
as grams per revolution. The feed and product are also sized and the 80% passing 
size established in microns. The Bond Rod Mill Work Index (RWI) is calculated as 
follows Ammtec, Bond Rod Mill Work Index Test (15 February 2014) <http://www. 
ammtec.com.au>. 
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           Equation 33 
Where: 
Grp = Rod mill grindability in g/revolution 
P = Product P80 in microns 
F = Feed P80 in microns 
A = Opening size in microns of the sieve size used 
2.7.1.3 Twin Pendulum Testing 
The Twin Pendulum Device (TPD) was developed and improved by various 
researchers (Narayanan, 1985; Leung, 1987; Narayanan, 1987 and Andersen, 
1988). TPD consists of two freely-suspended pendulums as shown in Figure 2-30. 
 
Figure 2-30: Schematic illustration of the twin pendulum device (Banini, 2000). 
 
The device is made of a manganese-steel ball or cylinder as the input pendulum and 
a steel cylinder as the rebound pendulum. Each pendulum is placed apart with two 
pivots adjustable by a cord. This way, the length and the relative positions of the two 
pendulums can be adjusted.  
 
The input pendulum is raised to a predefined height and released with the help of an 
attached thread to generate a smooth release. The three fins attached to the bottom 
of the rebound pendulum monitor the period of oscillation of the rebound pendulum 
after impact. The computer monitoring the motion of the rebound pendulum also 
records the time taken by the triple fin to cross a narrow laser beam. A total of 25 
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swings of the rebound pendulum is monitored to determine the period losses per 
swing due to uneven motion or friction, from which the adjusted period, T, for the first 
swing is computed. For consistent results, the period of the pendulum must show 
regular behaviour. Typically 25 to 100 particles are broken one at a time in several 
closely-controlled size and input energy ranges. 
 
2.7.2 JK Drop Weight Test (JKDWT) 
The JK Drop Weight Test (JKDWT) was developed in the laboratory at the JK MRC 
in 1992 (Brown, 1992), in order to measure the breakage parameters of a rock 
sample in an AG/SAG mill. The JK Drop Weight Testing apparatus can also be used 
for SAG Mill Comminution (SMC) tests. The principal difference between the JKDWT 
and the SMC is the size class of material tested. The JKDWT is conducted on a 
series of samples in size classes ranging from 63 mm down to 13 mm, whereas the 
SMC test is typically conducted in a single size class of -22 mm/+19 mm (Doll and 
Barratt, 2009).  
 
The JKDWT enables the determination of the ore-specific parameters, which are 
processed by JKSimMet Mineral Processing Simulator software to analyze and/or 
estimate AG/SAG mill performance. The main breakage mechanisms in an AG/SAG 
mill are impacted (high energy) and abrasion (low energy). 
2.7.2.1 Impact Breakage Testing 
The drop weight tester breaks rocks in five size fractions (-63+53 mm, -45+37.5 mm, 
-31.5+26.5 mm, -22.4+19 mm, -16+13.2 mm). Between 10 and 30 particles are 
broken for each size fraction at each of three energy levels. The test setup for the JK 
Drop Weight Tester entails dropping a weight from a prearranged height onto the 
rock at the required energy level until it breaks (Figure 2-31).  
 
With the JKDWT, the size distribution is normalized with respect to original particle 
size. The original particle size is estimated by the geometric mean of the size range 
e.g. -63+53=57.8 mm Jktech, Drop Weight Test (10 January 2015) < 
http://www.jktech.com.au>. The amount of breakage can be related to the following 
equation: 
                         Equation 34 
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Where t10 is the size distribution, A and b are the high energy impact breakage 
parameters and Ecs is the specific energy of comminution. The multiplication of the 
resulting A and b parameters, the A*b value, is used to correlate ore resistance to 
impact breakage. Lower values indicate harder ores in terms of impact breakage.  
 
Figure 2-31:  JK Drop Weight Tester, Jktech, Drop Weight Test (10 January 
2015)  < http://www.jktech.com.au>. 
 
2.7.2.2 Abrasion Breakage Testing 
The standard abrasion (low energy) Breakage Test tumbles 3 kg sample of -55 +38 
mm particles for 10 minutes in a standard abrasion test mill. Jktech, Abrasion 
Breakage Test (10 January 2015) < http://www.jktech.com.au>. The resulting product 
is then sized in order to determine the t10 value of the sample. The t10 size is: 1/10 x 
45.7 = 4.57 mm, since the geometric mean particle size of the original size fraction -
56+38 mm is 45.7 mm. The abrasion parameter ta is calculated as follows: 
                  Equation 35 
The value of ta describes the particle size distribution of the sample. As with the A*b 
value, a lower value of ta indicates a harder ore. Table 2-8 shows typical ranges for 
the JKDWT parameters. 
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Table 2-8. JKDWT relative values. 
 
2.7.2.3 SAG Mill Comminution Test (SMC) 
The SMC Test establishes a correlation between specific input energy (kWh/t) and 
the percentage of broken product passing a specified sieve size. The outcomes are 
used to calculate the JK Drop-Weight Index (DWi). Since the DWi is directly related 
to the JK rock breakage parameters A and b it can be used to calculate the values 
related to these parameters (Morell, 2006).   
 
The SMC Test database contains over 35,000 test results on samples representing 
more than 1000 deposits worldwide SMC, SMC Testing (18 January 2016) 
<http://www.smctesting.com/>. Around 99% of the DWi values lie in the range of 0.5 
to 14.0 kWh/m³, with soft ores being at the low end of this range and hard ores at the 
high end.  
 
Moreover, for power-based calculations, the SMC Test enables the determination of 
the comminution parameters   ,     and   . The parameter     is the work index 
for the grinding of coarser particles (>750 μm) in tumbling mills such as autogenous 
(AG), semi-autogenous (SAG), and rod and ball mills.     is the work index for the 
grinding in High Pressure Grinding Rolls (HPGR) and     for size reduction in 
conventional crushers. These parameters are used for equipment sizing according to 
the requirements. 
2.7.2.4 JK Rotary Breakage Test (JKRBT) 
The JK Rotary Breakage Test provides rapid and consistent results for determining 
impact breakage parameters, A and b, by using a new generation high throughput 
device called the JK Rotary Breakage Tester, (Kojovic et al., 2009). The JKRBT 
consists of a hand-operated rotary feeder, a rotor-stator impacting device with a drive 
system, and an operation control unit (Figure 2-32).  The industrialized JKRBT has a 
450 mm diameter rotor with three guiding radial channels which can reliably treat 
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particles from 5 to 45 mm. The resulting impact velocity of the particles enables the 
accurate determination of specific impact breakage energy. 
 
Figure 2-32:  JK Rotary Breakage Tester, (ART laboratory, Teck, 2010). 
 
The development of JKRBT introduced a new model for breakage characterisation. In 
order to estimate particle breakage characterisation, it is necessary to know the exact 
amount of specific energy applied in the breakage of each rock. The specific energy 
of each impact in the JKRBT can be calculated as follows: 
    
    [  √  (
       
  
)]
 
    
                     Equation 36 
 
Where Ecs is the specific energy (kWh/t), r the rotor radius (m), N the rotor speed 
(rpm), and C a machine-design constant that governs the maximum possible impact 
velocity at a given rotor speed and set of operational conditions (Kojovic et al., 2009).  
The features and benefits of JKRBT are summarized in Table 2-9.  
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Table 2-9. Features and benefits of the JKRBT. 
FEATURE BENEFIT 
More particles Statistical validity 
Wide range size & energy 5-45 mm, 0.001-3.9 kWh/t 
Accurate & precise Ecs Reduces scatter mass variation in size fraction 
Rapid Rate & cost 
Drill core Ore body mapping 
Drill chips Process check 
 
2.8 The use of breakage test results for mill throughput prediction 
2.8.1 Cadia East Model by Keeney et al., 2011 
A new approach for conducting an integrated geometallurgical analysis, developed 
by Keeney and Walters (2011), was applied to the Cadia East Cu-Au porphyry 
deposit in order to map the comminution variability. An integrated test work program 
shown in Figure 2-33 was proposed including small-scale comminution tests such as 
the JK Rotary Breakage Test (JKRBT) and GeM_Comminution Index Test, (GeMCi). 
An estimated Bond Ball Mill Work Index (BWi) was calculated using a combination of 
GeMCi and five-minute batch grind results, and the A×b parameter was obtained 
from JKRBT testing with results normalized to a 32.6 mm drop weight equivalent 
measurement (Kojovic, 2008). 
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Figure 2-33:  Overview of the Integrated Geometallurgical Method (IGM) by 
Keeney and Walters (2011). 
Relative throughput estimations for a specified comminution circuit are connected to 
the A×b and BMWi values. The Cadia East throughput model includes two 
engineering equations. With the combination of these two equations, a linkage 
between SAG and ball milling stages can be accurately arrived at. The calculations 
are made under the assumptions of a fixed F80 of SAG feed, a fixed SAG and Ball 
Mill power draw and a fixed set final product size (P80=150 μm). 
        ⁄      
    
   ⁄                                   ⁄    
           Equation 37 
Where: 
SP = AG/SAG specific power required for given set of operating conditions. 
F80 = SAG mill feed 80 percent passing size 
T80 = SAG Mill product 80 per cent passing size (or transfer size) 
SG = ore specific gravity 
DWAB = Drop Weight-specific power required to break feed to transfer size, which is 
dependent on ore A and b parameters, feed size distribution and trommel size. 
BMWi = Bond ball mill grindability index 
BL = ball charge (%) 
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CS = mill speed (% of critical) 
D = mill diameter 
D/L = aspect ratio = mill diameter/mill length (EGL) 
 
    
            
                       [
 
√   
 
 
√   
]
    Equation 38 
Where: 
TPH = the expected feed capacity (tph) 
BallMill = the installed ball mill power (kW) 
EF1 to EFn = Bond’s efficiency factors 
T80 = SAG circuit transfer size 
P80 = final ball mill circuit product size. 
 
Since the class-based analysis is a reliable technique for describing multivariate ‘ore 
types’ that form the fundamentals of predictive modeling, a class-by-class analysis 
was conducted. This method divides the deposit into different classes by using 
similar inherent multivariate characteristics. The new classes may be different to the 
classes defined using mineralogical and assay content of the ore body. Principal 
component analysis (PCA) is used to calculate main similarities and differences in 
this study, and five defined classes with the most abundant data were chosen to 
determine A×b and BMWi modeling. The aim of the class-based predictive models is 
to obtain the necessary parameters for the A×b and BMWi predictive models in order 
to map throughput variability. The three levels are defined based on the available 
quantitative data (quantitative mineralogy from XRD, petrophysics, EQUOtip, assay 
database), quantitative core-logging and site data and available quantitative data 
collected on site. The incorporation of different levels significantly affects the 
accuracy of A×b and BMWi models, as shown in Table 2-10. 
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Table 2-10. Summary of key statistics of class-based regression models using 
different input parameters (Keeney and Walters, 2011) 
 
Class-based modeling propagates comminution indices from a small measured data 
set into an extended database increasing data support for process-domain definition. 
Comparison of predictive models indicates that the class-based comminution models 
are more robust than traditional universal models (Table 2-11).  
Table 2-11. Comparison between the universal and class-based model average 
residual error values for the Cadia East comminution data. (Keeney and 
Walters, 2011) 
 
 
2.8.2 Iron Ore Plant Forecasting by Bulled et al., 2009 
The throughput controlling approach is proposed by Bulled et al. involves the 
determination of hardness variability in the ore body, and using that in combination 
with mill modeling to establish a milling energy requirement for every block in the 
mine plan. This model is established using SAG Power Index (SPI) testing of drill 
core samples and the application of the CEET (Comminution Economic Evaluation 
Tool) mill modeling program. 
 
Statistical analysis of the data from SPI revealed two grindability domains based on 
ore types (Dagbert and Bennett 2006). These are the softer but more variable “low 
magnetite” ore (lomag) with an average SPI of 11 min and the harder “high 
magnetite” ore (himag) with an SPI average of 23 min. In order to estimate a valid 
geological model for hardness distribution of each block a geostatistical technique is 
known as “kriging” was used. Kriging includes the creation of geostatistical 
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variograms for each measure of grindability (SPI, Ci) by plotting the variance of 
differences in the value of pairs of samples of equal distance apart against that 
distance (Preece, 2006). 
 
Due to the high error margins of the former models created for forecast predictions in 
monthly scheduled production (from 6.5% to 12%), corrections to previous 
techniques were made, by re-determining the SPI and AG mill feeds size distribution 
with an updated forecast model. The improved SPI correlation and AG feed size 
distribution results are shown in Figure 2-34. (A), (B) 
 
Figure 2-34:  (A) % minus 10% in SPI test feed vs. SPI value. (B) Improved AG 
feed size distribution generated by latest CEET version (Bulled et al., 2009). 
 
The geostatistical study based on further drilling and testing indicates that the ore 
was not becoming progressively softer, even though the lowmag is still the most 
common type contributing to the largest variability. The standard errors upgraded 
slightly to an average of 50% (ranging from 15 to 85%) due to more sampling. With 
the combination of the above-mentioned corrections and updated hardness 
estimations, the expected monthly energy requirements were significantly improved 
(Figure 2-35).  
Chapter 2: Literature Review 
 
   
 Barış Gazanfer Yıldırım  105 
 
Figure 2-35:  Improvement in agreement when using the latest sample data and 
CEET model. (Bulled et al., 2009).  
 
2.8.3 Batu Hijau Throughput Forecast by Burger et al., 2012 
The forecasting and optimizing throughput model proposed by Batu Hijau and Metso 
Minerals Process Technology involves mechanistic models of blast fragmentation, 
crushing, milling, and classification (Figure 2-36). The requirements for this model 
primarily include the definition of ore domain using rock mass structure data (RQD) 
and rock strength data (PLI). Since ore hardness and breakage in the SAG mill can 
be correlated to rock strength measurements (UCS and PLI), SAG mill feed size 
gains importance for mill throughput predictions. The final model enables the 
prediction of monthly throughputs within an accuracy of 5%. 
 
Figure 2-36:  Schematic of the Modelling Approach (Burger et al., 2012). 
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The rock strength measurements (Figure 2-37) indicate that the SAG mill size and 
throughput rate are closely related where the size effect can be modified with blast 
designs. The results gathered from the Drop Weight Test (Axb), and Point Load Test 
(PLI) suggests that low PLI and high Axb values create higher mill throughput rates. 
Because the relationship between PLI and Axb values is directly dependent on 
lithology, defining the ore domains for throughput prediction should be done with 
great care.  
 
Figure 2-37:  RQD effect on SAG feed size and SAG throughput (Burger et al., 
2012). 
Because of the lower costs, the Point Load Index provides an efficient approach for 
throughput modelling and forecasting. The corrections PLI database is calculated 
using the following formula: 
           (
  
  
)
    
(
 
  
 )  (MPa)      Equation 39 
Where, 
P= Force applied at failure (N) 
De= Equivalent core diameter (mm) 
De
2= D2 (diametral) 
De
2= 4A/π (for axial, block and irregular lump and A is the minimum cross-sectional 
area of a plane, through the platen contact points.) 
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A blast fragmentation model, primary crusher model, and milling circuit model were 
also included together with the RQD, UCS, Drop Weight Test data and their 
correlations to corrected PLI in order to calculate SAG mill size, throughput rate, and 
flotation grind size.  
 
The blast fragmentation model was generated assuming bench heights of 15m, blast 
hole diameters of 311mm and a burden and spacing of 7 and 6 meters. The Metso 
modeling was applied to three defined sets of ore domains to obtain an accurate mill 
throughput model: 
 8 ore domains based on 4 lithologies and 2 ranges of RQD (<>%40). 
 9 ore domains based on 3 ranges of RQD and PLI but not lithology. 
 24 ore domains based on 4 lithologies, 2 ranges of RQD (<>%40) and 3 
ranges of PLI (<3, 3-6>6). 
 
The results show that the 24 ore domains model is a more suitable model for 
accurate mill throughput rate predictions. The Metso modeling was also applied to 
16-ore domains using two different drill and blast regimes: 
 Historical Powder Factor, little variations between ore types  
 Drill and Blast “Cookbook,” high powder factors in harder ores 
 
Finally, the average throughput for each domain and blasting powder factor was 
determined based on a 16-ore domain to actual daily throughput. The error margins 
of the model prediction were calculated using the sum of squared error method, 
weighted for total tonnes milled in each time interval ( 
Figure 2-38). 
 
Figure 2-38:  16-Domain Model Predictions (Burger et al., 2012). 
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2.8.4 El Teniente, Chile Rock Texture and BWi Relationships by Oyarzun 
and Arévalo, 2011 
The approach established by Oyarzun and Arévalo (2011) is based on the direct 
relationships between the rock texture and BWi (grindability index) of different 
geological units and their effects on medium- and long-term production plans.  
 
Rocks with similar mineralogical compositions are perceived as different lithological 
units due to the diversity of their crystalline arrangements. It is noted that the rocks 
with similar mineralogical composition have different grindability indices. Thus a 
direct or indirect correlation between mineralogical composition and grindability 
cannot be accurately established. However, the relationship between rock texture 
and BWi is strictly related to rock formation conditions, and textural features become 
useful tools for predicting the metallurgical behavior of the rocks. The intrusive 
Complejo intrusivo máfico El Teniente (CMET) rocks, characterized by a low SiO2 
content and the presence of calcic plagioclase and clinopyroxene, are subdivided 
into three contrasting textural groups according to the size distribution of their 
crystalline components. The first subgroups, “gabbros” with phaneritic textures, and 
unimodal to serialized inequigranular textures, have a BWi range of 15-17. The 
second subgroup consists of diabases, characterized by phaneritic textures, with a 
crystalline bimodal distribution, which has a BWi range of 16-18. The third CMET 
subgroup, basalt porphyry, possesses BWi values always greater than 17 and as 
high as 23.  
 
The Diorita Sewell (Sewell diorite) group is also subdivided into three textural 
subgroups; 
 Tonalite with a phaneritic, inequigranular serialized to unimodal textures 
(BWi=14-16). 
 Rocks with a porphyritic texture (BWi= 15-17). 
 Rocks with an inequigranular texture (porphyritic) where the matrix consists of 
a mosaic of equigranular polygonal crystals (BWi= 12-13). 
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The Pórfido dacítico El Teniente (Dacite porphyry), holocrystalline, hypidiomorphic 
granular and porphyritic rocks, have a BWi range of 10-13. The final group, Pórfido 
Latítico (Latite porphyry), have a similar mineralogical composition to the Dacite 
porphyry while showing textural differences. The BWi values have a range of 16 to 
18.   
 
It is possible to state that rock grindability is a function of igneous rock texture and of 
the degree of relation between the crystals that comprise the rock; the greater the 
free interfacial energy between mineral components, the greater the necessary 
energy required to break its grain boundaries and, consequently, the greater the 
necessary energy required for milling. 
 
2.9 Summary  
The review of the technical literature has identified the aspects of the relationship 
between rock strength measures and fundamental parameters of porphyry copper 
ore formation which underpin mill design and throughput modelling studies. The 
current knowledge has been investigated, and gaps are identified to address in this 
thesis.   
 
Four major gaps are identified which lead to the research questions addressed in this 
thesis;  
1) Porphyry copper ore-forming parameters are not linked to processing, 
especially in the area of breakage and comminution. 
2) Current mill throughput/comminution models do not use the information from 
geologists. 
3) Current comminution modelling is based on empirical test work and statistical 
models.  
4) The ore body knowledge currently uses statistical models with empirical 
correlations.  
 
From a geological perspective, porphyry copper deposits are considered to be one of 
the best-understood classes of hydrothermal systems operating above a crystallising 
magma chamber which may have intruded its own coeval stratovolcano (Hedenquist 
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and Richards, 1998). This type of ore deposition has been studied by many 
researchers to understand the mechanism of the ore formation, host rock 
relationship, alteration and vein types, origin of hydrothermal fluids, etc. such as 
(Kirkham, 1972; Einaudi, 1997; Hedenquist and Richards, 1998, Sinclair, 2008; 
Sillitoe, 2010). Further studies are completed on developing alteration indices to 
support the exploration activities. Alteration indices using oxide and molecular ratios 
were introduced by Ishikawa et al. (1976), Spitz and Darling (1978), and Saeki and 
Date (1980).  Mass balance calculations were also used (Greisen, 1967; Kranidiotis 
and MacLean, 1987; Pearce, 1968; MacLean, 1990), element ratios have been 
tentatively applied (Stanley and Madeisky, 1994), and further studies conducted by 
Piche and Jebrak (2003) used five fundamental mineral-forming rules based on a 
whole rock analysis technique.  
 
None of the studies focuses on the understanding of copper porphyry ore formation 
in the perspective of how the host rock information can be used in breakage and 
comminution modelling, which alteration types have an impact on throughput, and 
what the relationship is between the host rock, alteration type, and the rock strength 
distribution. The current development in today’s world demands higher efficiency and 
lower costs, therefore the need to integrate geology, mining and mineral processing 
data guides to develop new indices which allow a better understanding of processing 
and provide more efficient processing and mine planning.   
 
The primary geological features of ore must be characterized well; therefore the 
technology drives new development in mineral characterization area. Automated 
logging and X-ray computed tomography are one of the major developments in this 
context. Before the automated logging technology, geologists developed logging 
techniques in order to capture the geological information systematically and use such 
information for exploration purposes. One of the methodologies developed is the 
Anaconda mapping & logging methodology (Einaudi, 1997). This technique is a 
discipline to collect primary geological information from the outcrop, drill core and 
rock chip samples. Because there is a human factor in geological logging this makes 
it subjective and dependent on the skill, and experience of a person. Core logging 
depends on geologists, and it is a slow process to collect all the information. 
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Therefore, new technologies are described as a “new set of eyes” for the geologists, 
CSIRO, automated logging (20 January 2014) <http://www.csiro.au>.  
 
They provide fast, consistent and objective results and also are very useful for better 
understanding the mineralogy and the geotechnical and geometallurgical properties 
of the ore systems. In addition, utilisation of these technologies is more economical in 
the long-term due to the information they provide in the exploration, mining and 
processing stages. There are different kinds of instruments available for automated 
logging which is HyLogger3-7, Hyperspectral Core Imaging III (HCI-3), SPECIM-
sisuROCK, and Geotek – MSCL-S. In this thesis, two of them are tested and the 
results compared in order to understand some of the limits of the new technology for 
the use of integrated mine to mill studies.  
 
Another technology used in this thesis is X-ray Computed Tomography (XCT). The 
system was developed for medicine 40 years ago, and the use of this technology has 
expanded to different industries such as geology, mineralogy, petroleum, mineral 
processing, mechanical and civil engineering. The system allows the derivation of 3D 
composition of the sample by stacking a continuous serious of CT images to form 
data describing an entire volume. Each sample can be scanned through at XCT 
without destroying the sample, and further rock strength tests can be done on the 
same sample. The advantage of using this system is in providing the platform to 
complete the SILC experiments on the same sample which is scanned by the XCT. 
Each sample can have the tomography scan as well as the breakage result.  
 
Automated logging and XCT technologies are recent developments in the mineral 
industry, but they both provide a good opportunity for integrating primary 
mineralogical features with rock strength, breakage, comminution and downstream 
processing factors.  
 
The overall strength of a rock mass is predominantly controlled by lithological and 
structural properties (Cai et al., 2007). According to Paterson (1978), estimation of 
rock strength depends on rock type and composition, rock grain size, rock 
weathering, rock density and porosity, rate of loading, confining stresses σ2 and σ3, 
geometric size and shape of the test specimens, rock anisotropy, water pore 
Chapter 2: Literature Review 
 
   
 Barış Gazanfer Yıldırım  112 
pressure and saturation, the testing apparatus (end effects, stiffness), temperature 
and time.  
 
The traditional rock mechanics tests, for example, the uniaxial compressive stress 
test, the fracture toughness test or the Brazil test, all measure the stress required for 
a rock to fail under different loading conditions. These tests are successful in 
predicting the energy requirements for failure, but they do not provide the key 
understanding for rock breakage in comminution. Therefore, researchers who have 
studied rock breakage inside comminution equipment consider that the breakage 
needs to be studied starting with a single particle event (Unland, 2004). Single 
particle breakage tests have provided the key ideas in understanding of rock 
breakage in comminution (Goldsmith 1960, Fadeev 1969, Lajtai 1974, Beisetaev 
1976, Mishnaevski 1995, Eberhardt 1999), and the key ideas were developed on an 
understanding of the rock behaviour under an applied force which defines the 
strength of the rock and it is controlled by the minerals making up the rock, relative 
mineral abundances, texture, fracture frequency and its associations. The known 
rock mechanics and recently implemented tests like EQUOtip; Rotary Breakage tests 
are summarized in Table 2-2.  
 
The information obtained from geological observation, rock strength and breakage 
testing have been used to predict the mill throughput which underpins mine planning, 
correct scheduling, and accurate estimations of annual and monthly throughput for 
budgeting. The four case studies discussed have their own perspectives and 
advantages in terms of more efficient and accurate mill throughput prediction.  Three 
selected case studies are from copper porphyry deposits and the fourth one is 
completed on a banded iron deposit. Each research study aims to predict the mill 
throughput using different methods and tests.  
 
The approach proposed by Keeney et al. (2011) is mainly based on the integration of 
geological logging information and comminution measurements to develop support 
models for comminution indices (Axb, BMWi, and throughput). Estimations for 
relative throughput for a specified comminution circuit were made by using two sets 
of engineering equations, which provide a correlation between SAG and ball milling 
stages. The models established by Bulled et al., 2009 and Burger et al., 2012 both 
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focus on rock strength and understanding the hardness variability in the ore body. 
However, the methods used in these approaches differ in terms of defining the 
essential parameters for the mill throughput models. The model proposed by Bulled 
et al., 2009 uses SAG Power Index (SPI) testing of drill core samples and the 
application of the CEET (Comminution Economic Evaluation Tool) mill modeling 
program. On the other hand, the model established by Burger et al., 2012 requires a 
definition of ore domain using rock mass structure data (RQD) and rock strength data 
(PLI).  
 
The last model proposed by Oyarzun and Arévalo, 2011 is based on the direct 
relationships between the rock texture and BWi (grindability index) of different 
geological units. This approach reveals that the rocks with similar mineralogical and 
chemical compositions (latite porphyry and dacite porphyry) in this research do not 
have necessarily similar BWi ranges. Conversely, the rocks with different 
mineralogical and chemical compositions (gabbro and tonalite) reveal a respectively 
similar BWi range. Although textural features are better tools for estimating the 
grindability, since they reflect the formation conditions of the rocks, lithological-
textural domains cannot be the only criterion for grindability modelling. However, they 
can be evaluated as a useful tool for grindability prediction and in situ estimations for 
early milling. A comparison of these four case studies is summarized in Table 2-12.  
 
It is important to note that rock increasingly becomes heterogeneous and anisotropic 
material when micro cracks are present. This means that rock is a brittle material with 
strong heterogeneity and anisotropy, and thus its mechanical behaviour is complex 
and unpredictable (Jumikis 1983). 
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Table 2-12. Comparison of four different mill throughput models. 
C
A
S
E
  
S
T
U
D
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S
 
Cadia East Throughput Model 
Batu Hijau Throughput 
Forecast 
El Teniente, Chile 
Rock Texture, and 
BWi Relationships 
Iron Ore Plant Forecasting 
M
E
T
H
O
D
 
 Integrated geometallurgical mapping and modeling. 
 Determination of 
 JKRBT (Axb) 
 GeMCi 
 BMWi values  
 Blast   fragmentation, 
crushing, milling, and 
classification, 
 Defining ore domains 
using; 
 RQD 
 PLI and UCS 
 Direct relationships 
between the rock 
texture and 
grindability index 
(BWi).  
 Determination of hardness 
variability in the ore body using 
SPI testing and CEET mill 
modeling program. 
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 It is more robust than traditional universal models. 
 
 Improvement in 
communications 
between the mine and 
the mill. 
 Accurate mill 
throughput predictions 
for medium and long-
term production 
forecasting. 
 It is a useful tool for 
early milling in situ 
estimation. 
 
 Ore Body Definition 
 Optimized Mine Planning 
 Ore Hardness Stabilization 
 Better Stockpile Utilization 
 Reduced Downtime Loss 
 Improved Seasonal Operation 
 Reduced shipping costs 
 Inter-departmental relationships 
D
E
P
O
S
IT
 
T
Y
P
E
 
 Porphyry Type Mineralization 
 Porphyry Type 
Mineralization 
 Porphyry Type 
Mineralization 
 Banded Iron 
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 Key Ore-Forming Parameters in Chapter 3.
Mineral Processing  
3.1 Introduction  
There is a harmony at every sequence of ore-forming systems: the reaction series 
between the host rock and the hydrothermal fluids, the structural environment of the area, 
the chemical conditions of environment are very much effective in formation of ore. 
Geologists focus on understanding of these dynamic events and their inter-relationships 
and they use the information to direct exploration for a new copper porphyry deposit, 
focussing on questions such as: Which district is favourable for exploration;? Which host 
rock is preferable more for ore deposition? Where would be the centre of mineralization 
be? These kinds of questions need to be answered by exploration geologists, and it is 
essential to understand the dynamics of the ore-forming system in order to answer all 
these questions.  
 
In this chapter; the key parameters of copper porphyry systems are introduced to 
comminution, and it is aimed to underpin the predictive modelling studies by using the 
fundamental primary geological features. It is important to understand how the 
transformation of the host rock happens to be the ore. This transformation occurs with a 
harmony at porphyry copper systems. It should be noted that the mineralization systems 
may have multiple phases and post-structural activities which would make it difficult and 
complex to understand, but this will not change the main cause of ore formation.  
 
The difference between the altered and original forms of a deposit arises from processes 
that occur in the ore-forming system (Figure 3-1). The alteration intensity can be 
determined by comparing the original form of the ore with the altered form, and its 
complexity can be quantified by the abundance of a number of alteration minerals. In other 
words, a higher number of alteration minerals would result in a highly complex ore which 
may significantly impact grinding and processing depending on the specific minerals and 
their abundance.  
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Figure 3-1:  The simplified conceptual model of Cu porphyry ore-forming system. 
 
The typical mineral matrix of Cu porphyries before and after hydrothermal alteration series 
is given in Figure 3-2 and, the mineral matrix is grouped as ore, gangue, and accessory 
minerals. 
 
In the novel approach proposed in this research the change in the original form of the host 
rock is described with two key parameters which are: 
  
- Mineral Replacement: Defined as the original mineral composition of the rock 
changes to alteration minerals (quartz, sericite, kaolinite, dickite, zunyite, 
pyrophyllite, biotite, hydrothermal K-feldspar, etc.) during the hydrothermal 
alteration, 
 
- Texture Destruction: Defined as the original texture of the rock changes to new 
altered texture during the hydrothermal alteration. In another word, the texture is 
modified by hydrothermal fluids and the original texture becomes unrecognizable 
once it is intensely altered. 
 
 
 
 
 
 
1This Chapter is based on the publication Yildirim, B.G. et al., 2014. Development of an 
effective and practical Process Alteration Index (PAI) for predicting metallurgical 
responses of Cu porphyries. Minerals Engineering, 69, pp.91–96.
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Figure 3-2:  The typical mineral matrix of Cu porphyries before and after hydrothermal alteration series. Mineral matrix is 
grouped as ore, gangue, and accessory mineral
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These key parameters of copper porphyry ore-forming will be studied in detail to 
incorporate the rock strength, and further research will be completed on understanding 
the impact of these two key parameters on rock breakage. The conceptual 
understanding is given in Figure 3-3. The degree of alteration is at ` x` axis, textural 
destruction is axis `y` and z-axis is grindability. The graph is prepared for sericitic and 
argillic alteration types because the potassic alteration is not a pervasive mineral 
replacement of sericite and clays. The potassic alteration is likely to have more 
predictive behaviour in grindability. The potassic altered ore is expected to be the hard 
ore and likely to contain the higher grade of copper.  
 
Figure 3-3: The conceptual relationship of grindability – the degree of alteration 
and textural destruction of the ore. 
 
The host rock is considered as a reference point in the conceptual understanding given 
above. Then, the relationship between the degree of alteration and the textural 
destruction that occurred during the alteration is linked to grindability. To assist in the 
understanding of the concept the following example is given: Intensely sericitic altered 
ore defined as the original composition of the rock is modified significantly, and sericite 
minerals replace most of the alkali feldspars. The rock is pervasively altered, and there 
is no or poorly recognizable original texture. Such altered ore have high mill throughput 
because of the sericitic content and the re-structured connection of the individual 
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minerals. The original texture is still recognizable at the moderately altered rock, and 
the expected throughput is lower than intensely altered rock and higher than the weakly 
altered ore. The zone is shown in Figure 3-3. 
 
The red zone is defined between intense alteration and moderate alteration where the 
grindability has high variability. The zone shown in green colour indicates the weak to 
moderate alteration which is a highly predictive zone in terms of grindability and 
processing behaviours.  
3.2 Alteration Indices 
Alteration indices were proposed by Ishikawa et al. (1976), Spitz and Darling (1978), 
and Saeki and Date (1980), among others, using oxide and molecular ratios.  Mass 
balance calculations have been used to decipher the nature and intensity of alteration 
(Greisen, 1967; Kranidiotis and MacLean, 1987; Pearce, 1968; MacLean, 1990), 
elemental ratios have been tentatively applied (Stanley and Madeisky, 1994) and Piché 
and Jebrak (2003) used five fundamental mineral forming rules based on a whole rock 
analysis technique. The indices are summarized in Table 3-1. 
.  
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Table 3-1. The list summarizes the alteration indices. 
Name Year Reference Formula Remarks
Ishikawa : 
Alteration Index
1976
Ishikawa, Y., Sawaguchi, T., Iwaya, S., Horiuchi, M., 1976. Delineation of
prospecting targets for Kuruko deposits based on modes of volcanism of
underlying dacite and alteration haloes. Mining Geology 26, p. 105 – 117 (in
Japanese with English abstract)
Alteration Index = (K2O + Na2O) / (K2O + MgO) + (Na2O + CaO)
computes the relative depletion of alkali elements as a measure of 
alteration intensity using whole rock chemical analyses 
Saeki and Date: 
Sericite Index
1980
Saeki, Y., Date, J., 1980. Computer application to the alteration data of the
footwall dacite lava at the Ezuri Kuroko deposits, Akita prefecture. Mining
Geology 30, p. 241– 250 (in Japanese with English abstract).
The index was focused on the ratios of K+ Mg/Na + K + Mg + Ca,
K/Na, Mg/Ca, Na/Na + K + Ca, K/Na + K + CA, Ca/Na + K + Ca. 
an alteration on the basis of five measurable parameters, these 
are magnetic susceptibility, concentrations of Na, Ca, K and Mg. 
The study was completed on Ezuri Kuruko deposits in Japan and 
1500 specimens from more than 50 drill holes were examined to 
investigate the alteration index
Nesbitt and 
Young: Chemical 
Index of 
alteration
1982
Nesbitt H.W. and Young G.M., 1982, Early Proterozic climates and plate
motions inferred from major element chemistry of lutites. Nature, 299, 715-
717.
The weathering trends can be displayed on a (CaO + Na2O) – Al2O3 – 
K2O triangular plot. 
the most accepted of the available weathering indices. Past 
conditions and chemical weathering can be reliably inferred if 
application of the CIA is combined with a comprehensive facies 
analysis (Bahlburg and Dobrzinski, 2009). 
Kishida and 
Kerrich Index
1987
Kishida, A., and Kerrich, R., 1987. Hydrothermal Alteration Zoning and Gold
Concentration at the Kerr-Addison Archean Lode Gold Deposit, Kirkland Lake,
Ontario, Economic Geology, vol. 82, p. 649 – 690. 
CO2/Fe + Mg + Ca), (3K+Na)/Al, 3K/Al, and Na/Al Five main parameters were considered in their indices which are 
CO2, alkali metal enrichment, distribution of alteration types, 
mobility of other elements and chemical mass balance.
Bruce Gemmell:  
Hydrothermal 
Alteration Index
2001
Gemmel, B. Hydorthermal alteration associated with the Gosowong
epithermal Au-Ag deposit Halmahera, Indonesia: Mineralogy, Geochemistry,
and Exploration Implications. Economic Geology vol. 102, p. 893-922.
Chlorite-carbonate-pyrite index: 100 (MgO + FeO) / (MgO + FeO +
Na2O + K2O)
Developed an alteration index to measure the intensity of sericite, 
chlorite, carbonate and pyrite replacement of sodic feldspars and 
glass associated with hydrothermal alteration
Piche and Jebrak: 
Normative 
Alteration Index
2003
Piche, M., Jabrek, M., 2003, Normative Mineral and Alteration Indices
Developed for Mineral Exploration, 27 Dupuis, RR3, Coteau-Du-Lac, Quebec,
Canada, Journal of Geochemical Exploration p. 59-77.
1. Increasing silica saturation calculation
2. Divergent and reversed Bowen series calculations
3. Greenschist facies mineral assemblages 
4. Calculations for VMS – type hydrothermal alteration
5. Virtual CO2 estimate and normative carbonate minerals. 
quantifies hydrothermal alteration of rock in metamorphic 
terranes using normative mineral ratios. Originally developed as a 
volcanogenic massive sulphide VMS exploration tool that is 
sensitive to alkali element depletion associated with 
hydrothermal alteration 
Whitbread and 
C.L. Moore: 
Potassic 
Alteration Index
2004
Whitbread, M.A., and Moore, C.L., 2004. Two lithogeochemical approaches to 
the identification of patterns at the Elura Zn-Pb-Ag deposit, Cobar, New South 
Wales, Australia: use of Pearce Element Ratio analysis and Isocon analysis,
GEEA, May 1 2004, vol. 4, issue 2.
Molar Ca/Ti v. C/Ti plots indicates a change in calcite-bearing
background samples from iron–magnesium–carbonate altered
rocks closer to ore, whereas K/Ti v. (Al–Na)/Ti diagrams 
suggested Pearce Element Ratio analysis (PER) and Isocon analysis 
(IA) mass balance approaches to identify ore-related alteration in 
sedimentary host rocks of Elura Zn-Pb-Ag deposit
Alteration Indices
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The need for integrating geology, mining, and mineral processing databases guides the 
development of new indices which should be rooted in the fundamentals. A new index is 
proposed for an effective and practical process alteration index (PAI) that focusses on 
understanding of the formation of porphyry copper mineralisation and supports predictive 
comminution and metallurgical modelling studies. 
 
The Process Alteration Index (PAI) calculation focusses on an understanding of the 
formation of porphyry copper deposits and the key role of plagioclase and quartz in the 
alteration and replacement process. The understanding comes from two primary 
observations, firstly; the measurement of what has been lost in the system rather than the 
new minerals formed, which are hard to quantify, and secondly; the percentage of other 
minerals that have been replaced by quartz. 
 
The approach is to develop a key understanding of mineralisation systems for porphyry 
copper deposits to develop an effective and practical Process Alteration Index (PAI) that 
can be used to define predictive breakage and metallurgical response.  The PAI 
calculation focusses on the role of plagioclase and quartz during the formation of the 
porphyry copper system.  
 
3.3 Process Alteration Index 
Recent developments in integrated studies between ore variability and mineral processing 
have driven the need to understand the ore variability better as a means to maximise the 
value from the ore. As a result, existing methodologies are now being adapted to 
incorporate geological and metallurgical databases, with the aim of linking ore mineralogy 
to comminution and beneficiation performance. However, the current developments are 
driven by statistical correlations rather than a fundamental and mechanistic understanding 
(Yildirim et al., 2014). This study aims to show that there is a fundamental mechanistic 
relationship between mineralogy, ore hardness and breakage by focussing on mineral 
proportion and texture changes caused during ore formation in a porphyry copper deposit.   
The PAI focusses on what has been lost in the system, rather than which new minerals 
were formed subsequent to the deposition of the minerals of economic interest. The 
advantage of this approach is that it avoids the need to define the complex alteration 
minerals which are difficult to define and quantify. The crystal structure of alteration 
minerals is complex; the number of alteration minerals is high, and the current techniques 
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have its own limitations to quantify the alteration minerals. Therefore; this technique 
provides to understand how the transformation occurred from the host rock to the ore 
instead of quantifying the mineral content of the final product (ore).   
 
The PAI calculation takes into account the role of plagioclase and quartz during the 
formation of the porphyry copper system. The three key conditions are: 
1. Sodium-feldspar (plagioclase) is always replaced by alteration minerals, 
2. Quartz is always added to the system either as quartz veins and/or through the 
replacement of other minerals, 
3. The original quartz in the rock is never replaced by the other minerals. 
This approach effectively incorporates the variability of lithology, subsequent alteration and 
copper mineralisation processes. Thus plagioclase replacement is given by: 
           
                  
         
            Equation 40 
and relative quartz addition by: 
          
                 
         
           Equation 41 
Where Plg = Plagioclase content; Qtz = quartz content; Org = denotes mineral content of 
the host rock (original); Alt = denotes mineral content of the ore (after alteration). 
The conceptual replacement processes that occur during the formation of a porphyry 
copper system are illustrated in Figure 46. Before any mineralisation takes place, the 
original form (at time 0) of the quartz feldspar porphyry (QFP) used in this research 
contains approximately 52% plagioclase and 29% quartz. Then hypothetically, the 
alteration and copper deposition processes commence. Time 1 (t1) represents weak 
alteration, with rock that now contains less plagioclase and more quartz, specifically 39% 
plagioclase and 35% quartz. This shows that a quarter of the plagioclase in the original 
rock was replaced by alteration minerals and correspondingly the quartz content was 
increased relative to the original amount, in this case by quartz veining. When the 
alteration is highly intense as at t4, the original rock texture has been destroyed; there is a 
complete depletion of plagioclase and a significant increase in quartz content. If the 
hydrothermal alteration continues then ultimately, the QFP is completely replaced by 
quartz as shown at time t5 in Figure 46. 
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Figure 3-4:  Conceptual Process Alteration Index (PAI) calculation for copper +- gold 
porphyry deposits. 
In order to test equations 2 and 3, nine samples were carefully selected from the Highland 
Valley copper mine in Kamloops, British Columbia. The samples were collected from a 
single lithology which displayed different degrees of phyllic alteration, starting from weak 
and advancing to intense alteration. One sample consisted of only vein quartz in order to 
demonstrate the conceptual model given in Figure 3-4. The host rock at Highland Valley 
copper mine is called the Bethsaida Quartz Feldspar Porphyry and contains 52.1% 
plagioclase, 29.4 % quartz, 10.6% orthoclase, 6.3% biotite, and 0.4% hornblende and 
1.2% others (McMillan, 1976). 
 
To characterise the mineralogy of the samples X-ray diffractometer (XRD) analyses were 
performed with the Rietveld refinement used to estimate the mineral proportions. A 
laboratory-scale test was required to measure the ore hardness and in this study, the 
JKRBT device, developed by the Julius Kruttschnitt Mineral Research Centre (JKMRC), 
was selected to define the rock breakage characteristics in terms of A*b values (Shi et al. 
2009). A and b are unitless values, and they are known as the ore impact parameters 
calculated from the drop weight test (Napier-Munn et al., 1996). The comminution 
behaviour of the ore was characterised using the JKRBT device which is an impact 
breakage test which estimates the ore hardness properties required for modelling 
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autogenous and semi-autogenous milling of the ore.  The JKRBT testing was performed in 
duplicate on the -11.2 +9.5 mm size fraction of the ore.  The XRD analysis using Rietveld 
refinement and JKRBT testing were performed on the samples at Teck Resources Ltd.’s 
Applied Research Technology in Trail, Canada. 
 
3.3.1 Ore characterization analyses and JKRBT results 
The mineral contents of the nine samples obtained from the XRD study are given in Table 
3-2 (ART/HVC project database, 2010), together with the measures of ore hardness 
obtained from the JKRBT device. Note that the increasing values of the JKRBT A*b 
parameter indicate decreasing hardness in the sample.  
 
Table 3-2. Comparison of the bulk mineralogy (XRD Rietveld), alteration type and 
together with JKRBT results for nine samples taken from the Highland Valley 
copper mine, British Columbia, Canada. 
 Mineral 
Phase 
Sample ID 
 CS1 CS2 CS3 CS4 CS5 CS6 CS7 CS8 CS9 
M
in
e
ra
l 
p
ro
p
o
rt
io
n
s
 
fr
o
m
 X
R
D
 R
ie
tv
e
ld
 (
w
t.
 %
) 
Quartz 31.3 30.0 38.5 36.0 39.6 57.5 71.0 64 86 
Sericite 1.7 1.0 2.4 14.0 3.1 6.1 7.9 19 3.8 
CO3 Group 1.26 1 0.1 1.7 1.7 2.8 1.6 0.6 0.5 
Orthoclase 8.7 13.1 11.0 4.5 9.9 5.6 8.4 0 0 
Cu 
Sulphides 0 0 0.5 1.6 0.3 0.3 0.4 4.8 6 
Amphibole 3.9 2.6 3.8 6.5 1.5 2.4 2.7 6.4 1.9 
Plagioclase 47.4 46.4 35.4 31.0 32.2 23.7 1.4 0.0 0.0 
Kaolinite/Illite 0.7 0.0 0.3 1.2 6.4 0.0 2.0 5.3 0.3 
Geologist’s  
Observation1 Weak 
PHY 
Weak 
PHY 
Weak 
to 
Mod 
PHY 
Mod 
PHY 
Mod 
PHY 
Mod to 
Intense 
PHY 
Intense 
PHY 
Intense 
PHY 
QTZ 
VEIN 
JKRBT A*b Results 38.1 39.5 52.8 64.5 66.4 78.8 107.9 140.8 81.7 
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a. PAI calculation  
 
Equations 2 and 3 were used to calculate the PAI both for plagioclase replacement and 
quartz addition. Figure 3-5 shows the correlation between the amount of quartz added to 
the system, and the amount of plagioclase replacement occurring. The phyllic and argillic 
alteration can be calculated using the key parameters as defined in this study.   
 
Figure 3-5: PAI calculation on nine samples collected from Highland Valley copper 
mine, BC Canada. 
 
Table 3-3 lists the PAI results alongside the geologist’s observations of the degree of 
alteration. As can be seen in the weakly altered samples CS1 and CS2 9% and 11% of the 
plagioclase has been replaced while the quartz content increased by 6% and 2% 
respectively. When the sample is intensely altered, there is almost no plagioclase left and 
the amount of quartz is significantly increased. For example, the intense alteration in 
Samples CS7 and CS8 shows that 97% and 100% of the plagioclase was replaced by 
alteration minerals and the quartz content increased by around 141% and 118% 
respectively. In absolute terms, the original quartz content was 29%, and it increased to 
approximately 64%. 
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Table 3-3. ‘Relative Quartz addition’ and ‘Plagioclase replacement’ ratio with the 
geologist observation. 
Sample 
ID 
Plagioclase 
Replacement 
Relative 
Quartz 
Addition  
Geologist 
Observation 
CS1 -9 6 Weak PHY 
CS2 -11 2 Weak PHY 
CS3 -32 31 Weak to Mod PHY 
CS4 -40 22 Mod PHY 
CS5 -38 35 Mod PHY 
CS6 -55 96 Mod to Intense PHY 
CS7 -97 141 Intense PHY 
CS8 -100 118 Intense PHY 
CS9 -100 193 QTZ VEIN 
 
3.3.2 Application of the Process Alteration Index (PAI) for predictive breakage & 
metallurgical modelling for porphyry copper deposits 
 
To generate a breakage prediction model which applies to copper (+-gold) porphyry 
systems, the model must identify the methods needed for evaluating and characterizing 
alteration, ore textures, mineralogy, rock type and hardness using simple, cost-effective 
and objective tests.  Ultimately these characteristics will be correlated, with mill throughput 
and metallurgical response, in a manner that can be incorporated into the resource block 
model and eventually into the mine plan.  
 
Mill throughput depends on a range of parameters such as the diameter and length of the 
mill, speed, ball load; feed size distribution, specific gravity, the specific power required for 
size reduction, and ore characteristics. These parameters can be measured accurately, 
the exception being ore mineralogical features such as the amount of alteration minerals, 
and the meso- and micro-scale ore textures, which may have a subjective component 
and/or higher error compared to the other parameters. This difficulty in ore mineralogical 
characterization results from the poor structural order of many clay species, the presence 
of lamellar intergrowths and often poorly characterised mixed layers, and the lack of 
suitable standards (Minichelli, 1982). 
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The test samples were taken from weak to intensely altered ore and represented a wide 
range of hardness values.  As shown in Table 3-2 the JKRBT reported A*b values of 38 to 
141, from hard to soft ore, respectively. Figure 3-6 illustrates the change in ore hardness 
with a degree of alteration, with low A*b values (indicating relatively hard rock) for weakly 
altered rock and higher A*b values (indicating softer rock) for intensely altered rock. 
 
 
Figure 3-6:  JKRBT results from the test samples in Table 15 and which indicate a 
wide range of hardness values, from hard to soft ore. 
 
The replacement of plagioclase and the addition of quartz as alteration processes were 
previously proposed as key parameters needed to develop a practical PAI for porphyry 
copper deposits. The relationship between feldspar replacement and relative quartz 
addition and JKRBT A*b values is given in Figure 3-7. The A*b values of weakly altered 
ore were lower than 50 while, the A*b values of the intensely altered ore were 
approximately 140. For this limited data set the relationship between plagioclase 
replacement and the JKRBT result is stronger (R2=0.94) than the relationship between 
relative quartz addition and the JKRBT (R2=0.79). The pure quartz vein sample reported 
an A*b value of 81. This vein sample has no direct correlation with the samples but is 
provided to represent the end point of the transformation of host rock through intense 
alteration to the point that the original texture is completely replaced and the chemical 
composition of the rock is significantly changed.  
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According to a study by Casselman et al. in 1995, the weak phyllic alteration corresponded 
to approximately 900 tonnes per hour mill throughput at the Highland Valley grinding 
circuit. However, in the same study, the moderate to strongly phyllic altered ore allowed 
approximately 1500 tonne per hour mill throughput. These mill throughputs support the 
idea of a possible link between the proposed process alteration index (PAI), and the rock 
breakage parameters and mill throughput.  
 
 
Figure 3-7:  The relationship between JKRBT A*b and a) plagioclase replacement, b) 
quartz addition. 
 
The results obtained from this limited data set indicate the importance of measuring 
mineralogy and hardness as accurately as possible and defining the key parameters of ore 
formation.  They support the importance of a fundamental understanding of ore formation 
for improved predictive hardness modelling. In the transformation of the original form of the 
QFP rock to copper ore, there is the development of complex mineral structure, texture 
and grain size relationships that increase the difficulties for predictive geometallurgical 
modelling studies.  This limited study demonstrates the potential use of PAI, and further 
studies are recommended to validate the index.  
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3.4 Focus 
This section discussed the development of the Process Alteration Index (PAI) 
incorporating an understanding of the formation of porphyry copper mineralisation that 
supports predictive comminution and metallurgical modelling studies. This approach 
specifically focusses the key role of plagioclase and quartz in the alteration and 
replacement process.  The understanding comes from two primary observations, firstly the 
measurement of what has been lost in the system rather than the new minerals formed, 
since these are hard to quantify, and secondly the percentage of other minerals that have 
been replaced by quartz. The plagioclase replacement in phyllic and argillic alteration has 
an essential role in linking geological variabilities to mineral processing, and the limited 
testing indicates that the overall correlation between plagioclase replacement and the 
JKRBT result is higher (0.94) than the correlation between of relative quartz addition and 
JKRBT result (0.79). The decomposition and transformation of the rock to the ore develops 
a complex mineral structure, texture, grain size relationship which needs to be considered, 
especially when working on highly altered ore for predictive geometallurgical modelling 
studies. The approach proposed in this work may provide the following advantages over 
conventional approaches: 
 
 The methodology can be widely used for porphyry copper (+- gold) deposits. 
 It avoids the difficulties in quantifying complex alteration minerals using available 
mineral quantification techniques (XRD Rietveld, MLA, and XRF). 
 Both lithology and alteration variability are considered in the definition. 
 It supports the development of predictive processing models which consider a 
fundamental geological approach.  
 
Introducing the key ore-forming parameters to mineral processing and relating the 
processing performance to the degree of alteration is a novel idea. This study was 
completed with a limited number of tests in order to explore the idea, and further work is 
needed to validate and develop predictive processing models for detailed mill throughput 
and flotation performance. 
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 The use of key ore-forming Chapter 4.
parameters with breakage model parameter 
modelling (Highland Valley Copper Mine)  
4.1 Introduction 
A robust and reliable correlation between measured drill core characteristics (mineralogy) 
and breakage model parameters are developed for HVC using some of the tools 
developed under both the AMIRA P843 Geometallurgy program and Applied Research 
Technology (ART), Teck Geometallurgy project. This research also sought to develop a 
fundamental understanding for predicting breakage model parameters using the new 
alternative tools given below.  
 
 JK Comminution Index (JKCi) 
 Rotary Breakage Tester (RBT) 
 EQUOtip 
 
Eighty-seven diamond drill hole (DDH) core samples and 26 rock samples collected from 
several blast ore samples were collected and constitute the main source of data which is 
shown in Figure 4-1. There was only one plant related sample, a SAG feed belt cut from 
the C-Line grinding circuit, treating ore from Lornex. The remaining information relates to 
98 blast hole rejects from the Lornex pit which was supported by assays and Leica rock 
hardness collected during drilling, Leica Geosystems, Drill Control Systems (12 January 
2015), <http://www.leica-geosystems.com/>.   
 
 
 
 
 
 
 
2 This Chapter is based on the report Yildirim, B.G. and Kojovic T. was prepared for 
Applied Research Technology, Teck Metals Limited, Canada, 2012. 
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Figure 4-1: HVC testing schema.  
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The variability in the mineralogy, lithology and porphyry copper alteration across the 
58 Lornex and 53 Valley pit samples used in the analysis was characterised using 
the following three techniques, each having specific benefits and limitations as 
indicated: 
 
A. Quantitative X-ray diffraction (QXRD) • Accurate on mineral identification 
but not quantification, hence not used in modelling.  
B. Mineral Liberation Analyser (MLA) • Accurate but not practical from an 
operational perspective. 
C. Lithogeochemistry (Normat Software) • Accurate on rock-forming minerals 
(quartz, albite, orthoclase, etc.) and practical (quick and cost efficient).  
4.2 Key Ore-Forming Parameters and Scale Up Factor (SF) 
Alteration intensity and mineralogy were expected to be the main variables that 
influence this behaviour. Hence several terms were defined to describe the Lornex 
and Valley porphyry copper alterations, recognizing their respective Skeena and 
Bethsaida granodiorite lithologies.    
 
The percent albite replacement (Rep_Alb%) and percent quartz addition (%Add_Qtz) 
were expected to be the key alteration terms, as was the replacement/addition of 
orthoclase (Rep/Add_Ort%). The parameters were calculated as discussed in 
Chapter 3.  
 
Albite plays a key role in the alteration process. It is one of the major minerals in the 
host rock (over 50%), and can be measured precisely using the available techniques 
(Normat and MLA).  As an example, Rep_Alb%=100× (Alb%− 59) / 59. Hence the 
original unaltered Skeena granodiorite, which has 59% albite, represents no 
replacement. As the degree of alteration increases, albite drops and the Rep_Alb% 
becomes increasingly negative. Table 4-1 shows the seven DWT results and 
corresponding RBT results, together with the alteration terms and relevant 
mineralogy terms used in the regression analysis.  
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Table 4-1. Summary of DWT, RBT, and mineralogy/alteration results. 
 
 
The scale-up factor is needed to be able to calculate DWT equivalent of size 
32.6mm by using the RBT tests results at the size of -11.2+9.5mm. Multiple 
regression analysis for SF (Scale-Up Factor), through on account of the limited data, 
identified the following best fit relation: 
 
            _Ort% R2=0.68, SE=0.123    Equation 42 
where k1= 1.160 and k2= -0.3408.   
 
R/A_Ort = intensity of alteration term defined by percent replacement/addition of 
orthoclase (Rep/Add_Ort%).  from original in the Lornex Skeena granodiorite or 
Valley Bethsaida granodiorite  
 
R/A_Ort      
               
      
      Equation 43 
 
where  Ortorg = 9.9% for Lornex and 10.6% for Valley. Similarly Alborg=59.0% for 
Lornex and 52.1% for Valley, and Qtzorg=20.8% for Lornex and 29.4% for Valley. 
 
However, the 11.2x9.5mm survivors submitted for RBT testing were not necessarily 
represented by the whole rock mineral composition. The survivors mean that the 
particles are still larger than 9.5mm after the gentle crushing and screening.  In light 
of this, the assumption was made that the change in albite abundance during the 
core crushing/screening/RBT selection process might help explain the scale-up 
factor from RBT to full DWT size. That is, the DWT A*b was assumed to be related 
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to whole rock assays, whereas the RBT A*b related to the 11.2x9.5mm MLA assays. 
If the difference in the assays was 0, the scale-up was closer to 1, if the difference 
was large, then the scale-up was higher. Hence a special term, AlbD%, was included 
that defines the absolute percent change in the Albite content between the whole 
rock sample (Normat) and RBT 11.2x9.5mm feed (MLA).  The best fit regression 
relation with the AlbD% term was:  
 
                             R2=0.74, SE=0.124 Equation 44  
where k1= 1.218, k2= -0.5924 and k3= -0.4151.   
AlbD% =                       
 
The above relation was applied to the seven DWT data sets to check the impact on 
the final A*b prediction, given the RBT A*b estimates at 11.2x9.5mm. The correlation 
presented in Figure 4-2 suggests the above SF scale-up relation is valid. The 
resulting ±7.1% relative error is within the DWT test 95% confidence limits in 
determining A*b values for hard ores (Stark et al., 2008).  
 
Figure 4-2: Accuracy of A*b predictions from RBT data using SF scale-up 
model  
 Chapter 4: The use of key ore-forming parameters with breakage model parameter modelling  
(Highland Valley Copper Mine) 
 
   
 Barış Gazanfer Yıldırım  135 
 
4.3 Statistical Variation of A*b and Bond BMWi Results 
Upon completion of DWT and RBT parameter calibration and derivation of a viable 
size of scale-up relation, HVC hardness data (A*b and Bond Wi) was analysed to 
identify any unusual data forms. Table 4-2 summarizes the hardness values, and 
Figure 4-3 shows the distribution of the test results. 
Table 4-2. Summary of Bond BMWi and A*b Results 
  
Bond BMWi 
A*b                     
(DWT equivalent) 
Lornex Valley Lornex  Valley 
Average 13.7 14.8 76.6 55.0 
Max 17.9 15.6 267.6 119.5 
Min 10.0 13.6 31.5 31.5 
N 12 4 58 53 
 
 
Figure 4-3: Box plots for A*b and Bond BMWi (both Lornex and Valley Pits) 
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The probability plots for A*b and Bond BMWi obtained using ioGEM which is a 
software developed by Reflex Geoscience, iogas (16 January 2015), 
<http://reflexnow.com/iogas/>, shown in the Figure 4-4 below, suggest the 16 Bond 
values belong to one population (viz. linear curve), whereas multiple groups are 
evident in the 111 A*b results (viz. non-linear curve). It is expected considering a 
wide range ore alteration intensities of the collected samples, from weak to intense 
1) clay – sericitic and 2) Kspar – sericitic.  
 
Figure 4-4: Probability plots for Bond BMWi and A*b (combined Lornex and 
Valley Pits) (Note the ‘N Score’ axis denotes the distance from the mean in 
units of standard deviation). 
 
The last phase of the data exploration was to use ioGEM to confirm likely input 
variables in the regression modelling phase. To this end, the available inputs like 
mineralogy and alteration terms defined above were examined using simple X-Y 
cross plots to visually check the importance of each term, as illustrated in Figure 4-5. 
“Rep_albite %”, “Add_Qtz%” and “Sericite%” were well correlated with A*b results. 
The mineral quantification was done using Normat software, because of most of the 
operation does have assay data available and the mineralogical distribution of the 
ore can be calculated using the software instead of XRD, MLA tests. It is noted that 
Normat mineralogy is not a quantifiable mineralogical tool. The outcome of this data 
exploration is discussed in more detail in section 4.4. 
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Figure 4-5: X-Y cross plots for A*b (Lornex data). 
 
4.4 JKCi Test Results (CRU and GRD indices) 
The GeM Comminution index or JKCi test has been developed for geometallurgical 
mapping purposes and predictive throughput modelling. The test has been designed 
to be inserted into routine assay sample preparation and is based on constrained jaw 
crushing protocols linked to analysis of resultant size distributions. The test has a 
quick turnaround (~10min/test) and has proven to be repeatable and robust across a 
range of core sizes and geometries (Michaux, 2007). This test is discussed in 
detailed in Appendix 2.  
 
The resulting size distribution from the JKCi test is used to derive two parameters: 
Ci-CRU which is related to the JKMRC Drop Weight Test A*b impact breakage 
parameter - range 0.0-6.0; and the Ci-GRD which has a good relationship with the 
Bond Ball Mill Work Index (BMWi) – range 0.0 to 1.0. The typical trends are 
illustrated in Figure 4-6. 
 
Large scale trials have been conducted within a commercial assay laboratory to 
demonstrate and optimize incorporation of the JKCi test into routine sample 
preparation protocols. The JKCi test carries four levels of QA/QC protocols relevant 
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to the sieving required in the procedure and sample response which are currently 
carried out in Excel software.  
 
Figure 4-6: Typical trend between Ci and standard ore hardness parameters 
A*b and BMWi. 
 
4.5 Use of Ci-GRD in Predicting Bond BMWi 
The correlation for HVC is presented in Figure 4-7, which confirms a strong 
correlation exists. The normalization approach may provide a valuable contribution to 
the future development of the JKCi test. 
 
Figure 4-7: BMWi vs. Ci-GRD* for HVC (Lornex and Valley data). 
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In order to improve the accuracy of the BMWi model, several factors like percentage 
-150μm and (5% passing size) P5 were also included in the regression analysis. The 
resulting site-specific correlation was found to be more accurate, having a 
remarkably low 4.3% relative error. The quality of the model for the measured data is 
shown in Figure 4-8, with the four Valley points indicated in red. 
 
Figure 4-8: Quality of BMWi models; a) using Ci data only, and b) using Ci and 
Mineralogy. 
 
The final calibration model form is as follows: 
BMWi = a ×Ci ⋅GRD * +b       Equation 45 
where 
Ci .GRD* = Ci .GRD x (NORM/% - 4.75mm)    Equation 46 
a = k1 x exp (% - 150 µm + k2)      Equation 47 
b= k3 x (% - 150 µm)       Equation 48 
and k1 = -0.963, k2 = 17.079, k3 = 4.777 and NORM=16.16. 
 
The option of using Ci and Normat mineralogy data was considered in the final 
analysis. The maximum size of the regression equation was restricted to 5 terms due 
to the limited number of data sets. The best fit model was found to be a simple three 
term relation with %-4.75mm and %Sericite. The %-4.75mm term proved to be a 
more significant input than Ci.GRD* in the regression. 
a) b) 
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BMWi = k1+ k2 ×%− 4.75 + k3 ×%SER   R2=0.93, SE=0.62 Equation 49 
 
where k1 = 22.152, k2 = -0.372 and k3 = -0.0682. 
 
The introduction of mineralogy to the Ci data improves the accuracy, reducing the 
relative error to around 3.1%, which is comparable to the inherent Bond experimental 
variation. Removing the %-4.75mm term was found to downgrade the quality of the 
model to a relative error of 8.1%, using a similar number of terms in the equation. 
 
The quality of the mineralogy based model is compared with the Ci model in Figure 
4-8, with the four Valley points indicated in red. The improvement is clearly evident 
and suggests that Normat mineralogy coupled with the simple comminution index 
test could provide HVC with a useful means to estimating the Bond work index from 
core samples.  
 
4.6 Application of Ci-CRU in Predicting A*b 
 
The universal correlation between Ci-CRU and A*b is generally not quite reliable 
(see Figure 4-9), therefore ore specific correlations were investigated using all 
measured Ci test results (including Ci-CRU, Ci-GRD, %survivors, %-4.75mm and 
5% passing size, P5) approach, reported in the Gem P843 project, focussed on 
establishing a link to A*b from the estimated Work required to achieve measured 
size reduction in the Ci test. The algorithm is summarized below. 
 
       f(CoreD,P5,%Surv,CiGRD,CiCRU)    Equation 50 
Assume         (      ⁄ )                  Equation 51 
and                   
    
   
 
√   
 
 
√   
 
     Equation 52 
where P80=750 μm and F80 150 μm 
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Note that the estimated Work, or specific power required to break the rock, was 
normalized to a Ci based material index, using a standard level of size reduction 
observed in conventional AG/SAG mill circuits. The new Ci Material index was found 
to be a more reliable correlation to A*b than Ci-CRU. It provides a more reliable 
comparative index of impact hardness related to A*b. 
 
Figure 4-9: A*b vs. Ci-CRU* for Lornex and Valley (Note Ci-CRU* = Ci-CRU / %-
4.75mm). 
 
4.7 Modelling A*b and Bond BMWi  
In order to address the main objective of this study, which was to identify and 
correlate the key attributes that control ore hardness and hence mill throughput, two 
multiple linear regression input options were considered: 
 
1) Only mineralogy terms provided by Normat and MLA (Albite, Calcite, Chlorite, 
Epidote, Orthoclase, Paragonite, Quartz and Sericite), or 
 
2) Terms which quantify the intensity of alteration in each lithology, and selected 
terms of option 1 including Albite, Orthoclase, Paragonite, Quartz and Sericite. 
 
In this study, the percent Plagioclase (Albite) replacement and Quartz addition were 
determined as the key terms. The %-4.75mm and %-150μm from JKCi testing were 
included to provide a textural input, which was not expected to be adequately 
defined by the mineralogy variables alone. The A*b data (full DWT equivalent 
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parameters) was separated into Lornex (58) and Valley (53). The BMWi data from 
both pits was combined as there were only 16 data sets available. 
 
As a result, Option 2 was found to be the preferred option as the relations were more 
accurate and clearly more relevant in the context of the key drivers of ore hardness 
at HVC. In other words, knowing only the mineral (or element content) is deficient; 
hardness is also related to the alteration type, intensity, ore structure and fracture 
density. 
 
A*b Modelling Strategy 
The development of correlations for A*b was complicated by the existence of at least 
two sources of mineralogy data; 
 1) Normat derived from whole rock assays, and 
 2) MLA on the 11.2x9.5mm survivors (post JKCi crushing).  
 
Based on the fact that the full DWT provides A*b parameters based on a wide range 
of particle sizes, whereas the RBT GeM Lite test provides A*b parameters using only 
the 11.2x9.5mm particle size, the evaluation was extended to consider the following 
three possible linkages: 
 
1. Full DWT Equivalent A*b versus Whole Rock Assay Normat Mineralogy 
2. 11.2x9.5mm DWT Equivalent A*b versus 11.2x9.5mm MLA Mineralogy 
3. Full DWT Equivalent A*b versus 11.2x9.5mm MLA Mineralogy 
 
The expectation was that linkages 1 and 2 would yield strong correlations, as the 
information is consistent. Linkage 3 was expected to be weaker.   
 
The multiple linear regression analysis considered both Lornex and Valley 
separately, in all three linkages. Terms used in the regression were based on the 
findings from ioGEM, which suggested the following inputs should be considered: 
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Table 4-3. The key inputs for predictive modelling. 
 
 
The results of the overall regression analysis are summarized in Figure 4-10, which 
shows the statistics of the best fit regression models for each linkage and lithology. 
Lornex results are shown in blue, Valley results are in red. 
Albite% Rep_Alb% Ci % 4.75mm 
Quartz% Add_Qtz% Ci %-150μm
Orthoclase% Rep/Add_Ort%
Sericite%
Paragonite%
Mineralogy Alteration Texture
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Figure 4-10: A*b modelling framework, showing key statistical results (Statistics shown include R2, standard error SE, and 
relative percent error RE). 
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As expected, the cross linkage correlation (#3, Full DWT Equivalent A*b versus    
11.2x9.5mm MLA Mineralogy) was less accurate than either of the other two 
correlations. This means the properties of the whole rock, as expressed by the full 
DWT A*b, are less likely to be described by the mineralogy of the 11.2x9.5mm 
particles extracted from the same whole rock sample. The option of using MLA 
mineralogy to predict the 11.2x9.5mm A*b values followed by the correction of full 
DWT A*b values is not recommended since the latter step will contribute to the 
overall error. In simple terms, assuming the errors are additive, the expected relative 
error in predicting the full DWT A*b from MLA and RBT data on 11.2x9.5mm 
particles would be at least ±16%. 
 
The regression modelling was carried out on each pit separately, assuming that 
there may be differences in the mineralogy, alteration, and texture between the two 
deposits. As the uncertainty in the A*b values is not constant, the coefficients in the 
best fit relations found by multi-regression were refitted using a weighted least-
squares procedure in Excel.  
 
The best fit models for Lornex and Valley pits are summarized below (Figure 4-11, 
Figure 4-12) together with the charts showing a good quality of fit to the measured 
data.  
 
4.7.1 Lornex Pit 
A * b = k1×Rep _ Alb%+ k2× R/ A _Ort%+ k3× Alb%+ k4×Ort%+ k5×%− 4.75
           
Equation 53 
R2=0.88, SE=16.2 (RE=13.6%)  
 
Table 4-4. The key input parameter coefficients for Lornex Pit. 
 
Term Coefficient
Rep_Alb% 21.705
Rep/Add_Ort% -21.778
Albite% -37.347
Orthoclase% 218.371
Ci %-4.75mm 4.084
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Figure 4-11: Lornex A*b model, relative error between measured and predictive 
is 13.6%. The A*b values above 120 are outliers, and the model can be 
improved by re-calculating the dataset without outliers.  
 
 
 
4.7.2 Valley Pit 
A * b = k1×Rep _ Alb%+ k2× Alb%+ k3×Qtz%+ k4×Ser%+ k5×%− 4.75 + 
k6×%−150 
Equation 54 
R2=0.88, SE=6.89 (RE=8.7%) 
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Table 4-5. The key input parameter coefficients for Valley Pit. 
 
 
 
Figure 4-12: Valley A*b model, relative error between measured and predictive 
is 8.7%.  (green points in Valley chart were not used in calibration because 
these eight samples did not have the JK Crusher index test). 
The deposit specific model forms had some similarities suggesting that a single 
universal model may describe the breakage parameter (Axb) across both pits. The 
combined data was regressed and the best fit relation refitted as noted above to test 
this idea. 
 
The final universal model is not as accurate as the deposit specific models, but may 
be useful in situations where the source of the sample is unknown or is suspected to 
Term Coefficient
Rep_Alb% 0.845
Albite% -0.291
Quartz% 1.427
Sericite% 1.413
Ci %-4.75mm 3.056
Ci %-150μm -11.115
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be a blend from both pits. The best fit universal model applicable to both Lornex and 
Valley pits is summarized below. Figure 4-13 shows the quality of fit to the measured 
data.  
 
Universal A*b Model 
A * b = k1×Rep _ Alb%+ k2× Add _Qtz%+ k3×R/ A _Ort%+ k4× Alb%+ k5×%− 
4.75 
Equation 55 
R2=0.84, SE=15.4 (RE=15.2% for Lornex and 11.5% for Valley) 
Table 4-6. The key input parameter coefficients for Universal A*b Model. 
 
 
 
Figure 4-13: Comparison of Predicted vs. Measured A*b using Universal model 
(green points in Valley chart were not used in calibration). 
4.8 Bond BMWi Modelling Strategy 
As the Bond BMWi database was limited to only 16 data points across both pits, the 
regression analysis focussed on developing a universal model (Figure 4-14). As the 
uncertainty in the BMWi values is not constant, the coefficients in the best fit 
relations found by multi-regression were refitted using a weighted least-squares 
procedure in Excel.  
Term Coefficient
Rep_Alb% 0.096
Add_Qtz% 0.107
Rep/Add_Ort% -0.134
Albite% -0.32
Ci %-4.75mm 3.226
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Universal BMWi Model 
BMWi = k1×Rep _ Alb%+ k2×R/ A _Ort%+ k3× Alb%+ k4×%− 4.75  
Equation 56 
R2=0.95, SE=0.57 (RE=3.0% for Lornex and 2.3% for Valley) 
Table 4-7. The key input parameter coefficients for Universal BMWi Model. 
 
 
 
Figure 4-14: Comparison of Predicted vs. Measured BMWi using Universal 
model (blue points = Lornex; red points = Valley) 
The apparent success of the Universal Bond work index model suggests the 
alteration approach may be applicable to the other porphyry deposits. The universal 
model can describe the changes in grindability hardness for both Valley and Lornex 
pits despite the host rock and alteration types being different. 
Term Coefficient
Rep_Alb% -0.2027
Rep/Add_Ort% 0.0075
Albite% 0.3956
Ci %-4.75mm -0.3449
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4.9 Conclusions 
 
- Eighty-seven DDH core samples and 26 rock samples are tested from 
Lornex and Valley pits at HVC mine, Kamloops, BC, Canada.  
 
- The samples were collected from a wide range of variability and covering 
the major alterations (phyllic and potassic) at HVC.  
 
- Normative mineralogy and JKCi results account for the variation in A*b and 
BWi hardness. The primary geological features are represented by Albite 
% and replacement of Albite%. The JKCi % - 4.75 mm value is important 
in the model which represents a physical textural input meaning that if the 
material is soft and/or highly clayey altered then the amount of % - 
4.75mm will be higher. The % -4.75mm value calculates during the JKCi 
which is designed to incorporate with exploration drilling. The JKCi values 
can be obtained at the same time when the samples are sent for assay 
tests at the exploration stage.  
 
- The Lornex and Valley A*b model errors were 13.6% and 8.7% 
respectively. The universal model across both pits increased the error to 
15.2% and 11.5%. The error increases when the universal model is 
applied which indicates each deposit, even each alteration type, shall be 
tested separately due to the difference in their geological characteristics.  
 
- The Universal Bond work index relative error of 2.8% was comparable to 
the experimental error of the measurement. This bodes well for HVC as a 
viable method for estimating the Bond work index by using normative 
mineralogy and a simple JK Comminution Index (JKCi) test.
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 Using automated logging system Chapter 5.
for key ore-forming parameters 
measurement1 
5.1 Introduction 
Understanding of the spatial distribution of the mineral inventory of an ore deposit is 
important for geological modelling, geometallurgical modelling, and mine planning, 
blasting, blending, and downstream processing. This study is completed on 33m drill 
core samples from Los Bronces Cu-Au porphyry deposit in Chile.  
 
A virtual composite drill hole was prepared to represent the host rock and 
hydrothermal alteration relationship, so the samples were collected from weak to 
intense chlorite – sericite alteration and quartz vein and tourmaline breccia. The 
weak chlorite – sericite alteration is repeated at the end for quality control reasons.  
Alteration minerals identified by both systems include white sericite, tourmaline, 
gypsum, chlorite, phlogopite and trace kaolinite and montmorillonite. Hylogger-3 had 
the additional advantage of logging non-hydroxyl (anhydrous) mineral species thus 
providing a complementary suite of minerals including feldspars and quartz/silica.  
 
Drill core mineral characterisation is a key parameter required by geologists and 
geometallurgists for assessing the spatial distribution of an ore deposit’s mineral 
inventory. The drill core mineral information can be utilised to create ‘domains’ of 
similar mineral and rock characteristics with predicted processing behaviours. 
Incorporating the mineralogical domains in geometallurgical models can reduce the 
uncertainty and risk associated with ore processing and extraction. 
 
Conventional logging of core or chips is critical and typically involves the visual 
identification of the minerals present aided by a hand lens and scribe. This is a 
subjective procedure often yielding variable results amongst geologists. Visually 
                                            
3 This Chapter is based on the published paper at SGA, Nancy / France, 2015 by 
Quigley M., Yildirim B.G. (Appendix 5).  
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logging minerals is also often challenging, for example, in intensely altered zones of 
porphyry deposits where original textures are obliterated, the grain size is very fine 
(sub mm) and the colours reduced to white (fine-grained mass of sericite and clay 
minerals). Long established analytical techniques (e.g. petrography and XRD) and 
more modern techniques (e.g. MLA and QEMSCAN) provide very detailed, valuable 
mineral information but are expensive on a per sample basis, can entail lengthy turn-
around times and may require elaborate/considerable laboratory-based sample 
preparation and/or sample destruction. These spatially disparate samples can often 
lead to significant fluctuations at mill feed that may significantly reduce recovery 
and/or adversely affect plant equipment. An alternate method to rapidly, objectively 
and systematically capture more closely spaced drill core mineral information to 
improve domain characterisation and reduce the risk of discontinuity is required. Two 
automated mineralogical core logging systems based on infrared spectroscopy, 
designed in Australia and commercially available, namely the CSIRO developed 
HyLogger-3 system (FLSmidth, 2014) and Corescan’s Hyperspectral Core Imager 
Mark III (HCI-3) (Corescan, 2014) have been evaluated herein to address this task.  
 
Automated hyperspectral core logging is a tool that assists geologists by providing a 
rapid, non-destructive mineral analysis and imaging technique that scans the drill 
core or chips in their original trays. Sample preparation is minimal; the core needs 
only to be clean and dry. Based on infrared spectroscopy, the technique enables 
objective mineralogy to be logged ensuring consistency throughout a drill hole and 
across numerous drill holes within a deposit. 
 
The technique of infrared mineral spectroscopy involves the measurement of 
reflected, scattered or emitted light as a function of wavelength. Light reflected from 
a sample is captured by a spectrometer and split into hundreds of contiguous 
wavelength channels across the visible-near infrared (VNIR: 350-1100 nm), 
shortwave infrared (SWIR; 1100-2500 nm) and thermal infrared (TIR; 6000-14,000 
nm) regions of the electromagnetic spectrum. Mineral identification, crystallinity, 
compositional variation and relative abundance can be determined from wavelength 
dependent diagnostic absorption features in the spectra. These features are created 
by electronic and vibrational processes resulting from the bending and stretching of 
molecular bonds in a minerals lattice. A range of minerals common to many 
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geological units and hydrothermal alteration assemblages can be identified 
depending on a spectrometer spectral range. For example, the VNIR is suitable for 
identifying iron oxyhydroxides; the SWIR for identifying phyllosilicates, amphiboles, 
carbonates and sulphates; and the TIR for identifying anhydrous silicates such as 
quartz, feldspars, pyroxenes, garnets, and olivines. 
 
This chapter presents results of the automated hyperspectral infrared logging of 33 
m of diamond drill core from the Los Bronces porphyry Cu-Mo deposit for the 
purpose of mineral identification and domain characterization. Data acquisition was 
undertaken using two commercially available, automated, infrared mineralogical core 
logging and imaging systems: the CSIRO-developed HyLogger-3 (Quigley et al., 
2009) and Corescan’s Hyperspectral Core Imager Mark-III (HCI-3) Corescan, 
Hyperspectral Logging (27 January 2014) <http://www.corescan.com.au>.   The core 
logging systems and the mineralogical outputs are reviewed in Chapter 2. The 
following work is correlating the spectro-mineralogical results with breakage tests to 
investigate whether a fundamental relationship between rock hardness and drill core 
mineralogy can be established using hyperspectral core logging which is discussed 
in chapter 6. Determining the hardness variability of a deposit reduces the risk and 
uncertainty of mill throughput and energy usage, leading to more efficient and 
profitable ore recovery. 
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5.2 Mineral Identification and Domain Characterisation Using Two 
Automated Hyperspectral Core Logging Systems, Los Bronces    
Cu-Mo Porphyry Deposit  
Acquiring adequate representativity of the mineralogical variability of an ore deposit 
is a recognised challenge for geometallurgical modelling. Automated hyperspectral 
core logging overcomes this issue through the rapid collection of contiguous infrared 
reflectance measurements for the objective and consistent logging of mineralogy in 
drill core or chips.  
 
This section presents results from two automated hyperspectral core logging 
systems, the CSIRO-developed HyLogger-3 and Corescan’s Hyperspectral Core 
Imager Mark III (HCI-3). Thirty-three metres of selected intervals sampled from 
multiple diamond drill holes across the Los Bronces Cu-Mo porphyry deposit, Chile, 
were assembled as a ‘composite virtual drill hole’ and scanned with both systems. 
Samples were selected to represent five alteration-related domains with predicted 
varying comminution/breakage attributes. 
 
Minerals identified from the shortwave-infrared (SWIR) data, collected by both core 
logging systems and confirmed by XRD analysis, include: muscovite (sericite), 
tourmaline, gypsum, chlorite, phlogopite/biotite and trace kaolinite and 
montmorillonite. Quartz and feldspar were also logged from the HyLogger-3 thermal-
infrared (TIR) data. Domains were characterised based on the spatial distribution 
and intensity of one or more key minerals. 
 
A detailed description of the automated logging system specifications is reported in 
Table 5-1.  
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Table 5-1: Infrared core logging system specifications.  
 
HyLogger-3 HCI-3
Manufacturer FLSmidth CoreScan
SPECTROMETERS VNIR, SWIR, TIR VNIR, SWIR-A, SWIR-B
VNIR Grating spectrometer with sil icon detector Corescan proprietary design
SWIR Fourier transform infrared (FTIR) spectrometer with InSb photovoltaic detector Corescan proprietary design
TIR FTIR spectrometer with a HgCdTe photoconductive detector In development - due June 2015
Spectral range VNIR: 380-1072 nm, SWIR: 1072-2500 nm and TIR: 6,000-14,500 nm VNIR-SWIR; 450 - 2500 nm
Spectral resolution
VNIR spectra are resampled to 4 nm.  Spectral resolution is 4 nm from 380 nm to 1700 
nm, rising to approximately 10 nm at 2500 nm.   TIR spectra are resampled to 25 nm.  
Spectral resoution is 25 nm at 6,000 nm, rising to approximately 150 nm at 14,500 nm.
~4 nm (FWHM 3.5 nm) (RESAMPLED? OPTICAL SPECTRAL RESOLUTION?)
Number of channels VNIR-SWIR: 531 channels & TIR: 341 channels ~520
Signal-to-noise ratio  > 400:1 @ 2300 nm @ 100% reflectance 250-1000, depending on mineral reflectance (*)
Spatial resolution
~14 mm along track by 10 mm across track, oval shape.  Post-processing of data (in TSG) 
allows averaging of successive spectra, while increasing the along-track pixel size 
increments of 4 mm.
~0.5 mm pixel (square)
Field-of-view (FOV) ~14 mm along track by 10 mm across track, oval shape 26 degrees
Spectral calibation
Wavelength accuracy is 1 nm or better from 380 nm to 2500 nm, and 4 nm or better from 
6,000 nm to 14,500 nm.
NIST traceable rare earth reflectance standard
Radiometric calibration VNIR-SWIR reflectance is referred  to NIST-traceable Spectralon standard. Spectralon reflectance standards plus dark current
TIR reflectance is referred to NIST-traceable diffuse gold standard.
CORE PHOTOGRAPHY
Camera Basler piA1900-32gc camera not reported
Frame width & resolution 120 mm wide frame, 10 pixels per mm resolution (100 um) ~50 um pixel (square)
Calibration
Per-pixel albedo calibration using White Reference and shutter-closed Dark Reference 
images.
Colour standard
Scanning mode
Spectrometer
Continuously collects spectra from a single pixel approximately 10 mm wide  along the 
centre of the core
Full width scan or reconnaissance profile (explain reconn mode)
Camera High resolution (0.1 mm) colour imagery captured across full  width of core Full width scan
LASER PROFILER
Laser profilometer
Spatial resolution
Core logging (continuous)  mode: One measurement every 1/16 mm  along-track.                                             
Chip logging (step-and-measure) mode:  One measurement at each spectral data point.
~200 um pixels
Z-resolution ~100 um ~100 um
OPERATION
Scanning mode Both core logging systems scan one core tray section at a time, alternating directions between sections, building up a dataset per core tray.
Spectrometer
Continuously collects spectra from a single pixel approximately 10 mm wide  along the 
centre of the core
Across core scan width (~60mm max)
Camera High resolution (0.1 mm) colour imagery captured across full  width of core Across core scan width (~60mm max)
Profilometer Across core scan width (~100mm max)
Illumination configuration
Chips VisperSWIR Quartz-halogen lamps. Corescan designed - high il lumination, quartz-hallogen
Core VisperSWIR Quartz-halogen lamps. Corescan designed - high il lumination, quartz-hallogen
TIR Spectrometer CSIRO designed radiation sources at apprximately 700-800 K. Under development
Camera Quartz-halogen lamps. Corescan designed - white LED
Table Traverse
Chips Step-and-measure mode collecting user definable number of  spectra per chip tray bin. Corescan designed, 3-axis translation table
Core
Core tray is traversed in a zig-zag pattern alternating between core tray rows. Collects 
spectra down the middle of core at  ~14 mm x 10 mm
Corescan designed, 3-axis translation table
Temporal scan rates Robotically controlled XY translation table travels at 48 mm per second
Spectrometer collects 12 spectra per second, one frame each 4mm
Camera 12 frames per second, synthesised continuous line scan
Chips 500 bins per hour, ~3500 bins per day 1000 chip bins per day depending on operational constraints
Core
4 interval core tray scanned in 4 minutes, equates to 60 m per hr, up to 500 m per 8-hour 
shift.
up to 50 m per hr in profil ing reconnaissance mode, 200-1000 m per 
day depending on operational constraints
Spectral collection rates 250 spectra per metre.  Post-processing can reduce this to 250/2, 250/3,  etc. ~240,000 spectra per metre (@60mm core width)
Tray sizes
Chips Scans 3 x 20 interval chip trays in a customised chip tray holder at a time Standard and custom made chip trays
Core Up to 1.4 m length up to 1.5 m length
Interpretation software The Spectral Geologist - CoreTM Corescan proprietary processing and interpretation software
Infrared Core Logging System Specifications
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5.3 “Composite Virtual Drill Hole” (CVDH) 
A ‘composite virtual drill hole’ (CVDH) was physically created to combine drill core 
samples representative of the various Cu porphyry alteration zones/domains across 
the Los Bronces deposit into one dataset for testing and analysis (Figure 5-1). Drill 
core intervals were selected from pre-defined geological domains identified in the 
company database and further assessed on-site following an inspection of the core 
and consultation with mine geologists. To maintain consistency, only samples from 
the dominant quartz monzonite lithology were selected for the CVDH. 
 
The selected intervals represent five domains of the variable relationships between 
the quartz monzonite host-rock and hydrothermal alteration, including; weak, 
moderate and intense phyllic alteration, quartz vein and tourmaline breccia. A 33 m 
long CVDH subset (42-85 m) was scanned by the HyLogger-3 and HCI-3 
hyperspectral core logging systems. 
 
 
Figure 5-1: Composite Virtual Drill Hole log (QM: quartz monzonite. PHY: 
phyllic). 
 
 Chapter 5: Using automated logging system for key ore forming parameters measurement 
   
 Barış Gazanfer Yıldırım  157 
5.4 Methodology 
The collection of the HyLogger-3 data was undertaken by the Queensland 
Geological Survey in Brisbane, Queensland, Australia. The HyLogger-3 collects 
contiguous VNIR-SWIR (350-2500 nm) + TIR (6000-14,5000 nm) spectra within a 
~14 mm x 10 mm field-of-view along a ‘profile’ line centred in the middle of the drill 
core, with a ~4 mm overlap between measurements. A total of 4276 spectra were 
collected from the 33 m long CVDH. For mineral identification and domain 
characterization, this was reduced to 3456 spectra, following quality control pre-
processing steps that involved the exclusion of non-geological spectra (e.g. wooden 
depth markers, tray ends and empty tray bases) from the HyLogger-3 dataset.  
 
The HCI-3 data was acquired at a Corescan-hosting facility in Brisbane. The HCI-3 
imaging spectrometer collects VNIR-SWIR (350-2500 nm) reflectance data in a 40 
mm wide swath across the core at 500 um spatial resolution generating 150,000 
spectra per metre, creating 2-3 Gb/m. An estimated 4,950,000 spectra were 
collected from the 33m of CVDH analysed.  
 
Mineral interpretation of the HCI-3 data was carried out by Corescan using 
proprietary software based on a Pearson’s Correlation type spectral matching routine 
of pure minerals found in the dataset, against every pixel. The HyLogger-3 data was 
analysed using The Spectral Geologist-CoreTM (version 7) software to create site-
specific customised scalars to target each mineral’s diagnostic infrared absorption 
features based on polynomial fitting within nominated band (wavelength) intervals 
and above minimum cut-offs.  
 
To review the HCI-3 and HyLogger-3 results together, the Corescan HCI-3 relative 
abundance results were down sampled to 10 mm sample spacing and imported from 
an Excel spreadsheet into The Spectral Geologist-CoreTM software (TSG).  
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5.5 Results & Discussion  
The SWIR responsive hydroxyl-bearing minerals identified in the drill core from the 
HCI-3 and HyLogger-3 data were consistent and included: muscovite (sericite), 
chlorite, tourmaline, gypsum, phlogopite/biotite and trace kaolinite and 
montmorillonite. The HyLogger-3 additionally acquired thermal infrared 
measurements from which anhydrous quartz/silica and feldspar were identified 
(Table 5-2). Results were confirmed by XRD. 
 
Table 5-2: Minerals identified with the HCI-3 and HyLogger-3. 
 
 
Domain boundaries as defined in the mine-site database were imported (Figure 
5-2a) to compare with the spectro-mineralogical results and provide validation. Both 
hyperspectral core logging systems produced similar spatial distributions of 
muscovite/sericite (Figure 5-2b&c) and tourmaline (Figure 5-2d&e). A greater 
number of weak-tourmaline samples are presented in the HCI-3 data. However, after 
inspecting the linked HyLogger-3 spectra, many were identified as wood blocks and 
empty tray bases. Raising the lower limit of the cut-off in the algorithm would reduce 
the number of false positives and improve the accuracy of the result. Some minor 
variations between the two sets of results can be accounted for by movement 
amongst the core pieces during transit between scanning facilities. Different value 
ranges for the colour coded intensity values are attributed to differences in the 
algorithms and do not impact the interpretation. Warm colours infer greater 
abundance; and cool colours infer lower abundance. 
 
Wavelength 
Range
HCI-3 HyLogger-3
Major: sericite Major: sericite/w hite mica
Moderate: chlorite, gypsum Moderate: chlorite, gypsum
Minor: tourmaline, phlogopite Minor: tourmaline, phlogopite/biotite
Trace: kaolinite and montmorillonite Trace: kaolinite and montmorillonite
Major: quartz
Moderate: plagioclase and K-feldspar
Automated Infrared Mineralogical Core Logging System
SWIR
TIR NA
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A key observation between the results of the two core logging systems is the domain 
mineral characterization, and spatial extent is largely consistent, despite the 
significant difference in the number of spectra collected. 
 
Muscovite/sericite is ubiquitous in the dataset with the exception of a narrow 
tourmaline-rich interval at ~60-61 m. The mine-site logged weak, moderate-intense 
and intense phyllic alteration domains which were spectrally discriminated based on 
the relative changes in muscovite abundance/intensity, respectively increasing. 
Within-domain variations are also evident and may prove useful for further domain 
subdivision or boundary revision.  
 
The tourmaline breccia domain 7 (61.1-64.6 m) also contained significant 
muscovite/sericite + quartz + minor tourmaline + biotite/phlogopite (Figure 5-3). 
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Figure 5-2:  A) All HyLogger-3 samples coloured by imported Domains 4-8 
boundaries. B) HyLogger-3 muscovite spatial distribution, coloured by 
intensity. C) HCI-3muscovite spatial distribution, coloured by intensity. D) 
HyLogger-3 tourmaline spatial distribution, coloured by intensity. E) HCI-3 
tourmaline spatial distribution, coloured by intensity. F) HyLogger-3 quartz 
spatial distribution, coloured by intensity. 
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Quartz was identified throughout most of the CVDH in low-moderate abundance 
from the HyLogger-3 thermal infrared data. The highest abundance quartz-bearing 
samples define the quartz-vein domain (Figure 5-2f). The deeper part of the quartz-
vein domain also contained highly abundant tourmaline, significantly more than the 
tourmaline-breccia domain, occurring as pervasive tourmaline intimately mixed with 
quartz. 
 
The tourmaline-breccia in Domain 7 is dominated by the clast-supported sericitised 
breccia, with significantly less tourmaline occurring as cement in the matrix.  
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Figure 5-3: Hylogger 3 - Mineralogy Results.  
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The muscovite and feldspar interpreted results display an inverse spatial correlation 
to each other, with greater muscovite in the moderate to intense phyllic alteration 
domains and greater feldspar in the weakly altered domains, where the primary 
mineralogy of the quartz monzonite prevailed. The inverse correlation of muscovite 
and feldspar could be used in future work for creating a metric related to alteration 
intensity based on a mineral replacement that could potentially relate to rock 
hardness. 
 
The textural context of the mineral results also needs to be taken into consideration 
when attempting to define geometallurgical domains. The depth registered high 
resolution imagery acquired by both systems, permits the spectro-mineralogical 
results to be viewed with the drill core imagery. Information on the distribution of the 
mineralogy can, therefore, be observed and context provided answering questions 
such as - is the tourmaline in the matrix, veins or clasts? The HyLogger-3 imagery 
can be viewed in TSG-Core with the mineral results loaded as logs adjacent or 
below the core imagery. The imaging nature of the HCI-3 spectrometer enables the 
mineral results to be essentially viewed in situ, overlain on the core imagery where 
the inter-relationships between the mineral results can be observed. Algorithms to 
automate the extraction of textural information from the drill core imagery are the 
desired improvement and are currently being investigated by the developers of both 
the HyLogger-3 and HCI-3. 
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5.6 Conclusion 
This review of Corescan’s HCI-3 and the CSIRO-developed HyLogger-3 has 
demonstrated the application and utility of both automated hyperspectral core 
logging systems applied to mineral identification and domain characterization for the 
development of appropriate geometallurgical flowsheet design.  
 
Minerals identified from the SWIR data collected by both core logging systems and 
confirmed by XRD analysis include: muscovite (sericite), tourmaline, gypsum, 
chlorite, phlogopite/biotite and trace kaolinite and montmorillonite. Quartz and 
feldspar were also logged by the HyLogger-3 TIR data. 
 
Domains were characterised based on the spatial distribution and intensity of one or 
more key minerals. Within-domain variations were also logged that may prove useful 
for further domain subdivision or boundary revision.  
 
Three main differences between the automated hyperspectral core logging systems 
are  
1) Wavelength range. In addition to the VNIR-SWIR spectral range common to both 
systems, the HyLogger-3 also has a thermal-infrared (TIR) capability necessary for 
logging anhydrous minerals (e.g. feldspars, quartz) and thus provides a more 
comprehensive suite of drill core mineralogy.  
 
2) The ‘imaging’ nature of the HCI-3 spectrometer enables the VNIR-SWIR mineral 
results to be viewed in situ overlain on the drill core imagery where inter-
relationships between various minerals can be observed.  
 
3) Data delivery. HCI-3 drill core data is retained by Corescan and interpreted results 
made available via a secure online web delivery service. HyLogger-3 data (spectra 
and drill core imagery) is owned and retained by the client for in-house or consultant-
based analysis and interpretation within the commercially available TSG-Core 
software. 
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The spectro-mineralogical results are generated in preparation for more detailed 
studies on predictive comminution and geometallurgical modelling using automated 
hyperspectral core logging. 
 
Chapter 6: Development of a novel approach for integration of fundamental geological parameters 
with rock strength  
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 Development of a novel approach Chapter 6.
for integration of fundamental geological 
parameters with rock strength  
6.1 Introduction  
The increase in decomposition and transformation of the rock as the ore zone is 
approached results in a complex mineral structure, texture, and grain size 
relationship which will be considered for further studies in predictive comminution 
modelling (Yildirim, 2014). Multiple alteration indices were developed historically 
such as Ishikawa et al. (1976), Spitz and Darling (1978), Saeki and Date (1980), and 
Large et al. (2001). Mass balance calculations were also used by Gresens, (1967); 
Kranidiotis and MacLean, (1987); Pearce, (1968); MacLean, (1990), element ratios 
have been tentatively applied by Stanley and Madeisky, (1994) and Piche and 
Jébrak (2004). The focus has, however, never been on mineral replacement and 
textural changes during the alteration process. In this study, the focus is to review 
the key ore-forming parameters in rock strength modelling and investigate a robust 
methodology which provides the rock strength distribution of each ore type. In 
addition, a significant effort is applied to understanding the use and the limitations of 
new technology and instruments such as automated mineralogical logging systems 
and X-ray computed tomography.  
 
In light of the methodologies developed for the Highland Valley Copper mine study, 
samples were taken from Los Bronces copper porphyry mine (Chile). Extensive test 
work was completed to develop a more fundamental and mechanistic approach to 
understanding the rock strength distribution of different degrees of alteration as a 
potential replacement of empirical predictive mill throughput modelling.  
 
It should be noted that rock increasingly becomes heterogeneous and anisotropic 
material when micro cracks are present. This means that rock is a brittle material 
with strong heterogeneity and anisotropy, and thus its mechanical behaviour is 
complex and unpredictable (Jumikis 1983). 
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The test work was aimed at developing a robust methodology that can provide the 
rock strength distribution of a given lithology and alteration type. The study 
approaches the problem in a mechanistic way, focusing on the relationship between 
strength and the alteration in detail which could be applied to individual particles of 
each domain.  Mineral type identification techniques with the trained naked eye and 
QXRD are also important to characterise the ore types which may have relative 
behaviour under the single stressing regime, in the impact load cell. In addition to 
these techniques, the samples are tested using automated logging in order to 
investigate whether or not the key ore-forming parameters can be measured using 
an automated technology. Integrated research studies have become more important 
due to continued requirement of mineral resources, depleting ore grades, 
competitive cost and high amount of energy consumption. Therefore, it is of crucial 
importance to exploit mineral resources in a more effective way using automated 
technology and systems. The 3D tomography has also been used to investigate the 
details of single impact breakage further.  
 
The first part of the breakage strength study was completed at LTM research 
laboratory at University of Federal Rio de Janeiro (UFRJ). Single impact load cell 
tests were carried out at JKMRC, Australia, and automated logging was completed 
at CSIRO, Sydney; and 3D tomography was also carried out in-house at JKMRC.  
6.2  “Composite Virtual Drill Hole” (CVDH) and Sampling 
A physical ‘composite virtual drill hole’ (CVDH) was created by combining 85 m of 
spatially separate intervals from multiple split HQ (63.5 mm diameter) diamond drill 
holes across the Los Bronces deposit. The purpose of creating a CVDH was to 
combine representative samples of Los Bronces ore of the one type of lithology and 
dominant alteration with different intensities into one drill hole for testing and 
analysis. It could also be called a “calibration drill hole.” The focus is to understand 
the relationship between hydrothermal alterations of an ore and its host rock. Drill 
core intervals were selected from pre-defined geological domains identified in the 
company database and further assessed on-site following an inspection of the core 
and consultation with mine geologists. The lithology and alteration are defined by the 
company geologists and recorded in the geological block model. To maintain 
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consistency, only samples from the dominant quartz monzonite lithology were 
selected to construct the CVDH. Eight geological domains (Figure 6-2) were 
determined based on the type and degree of alteration including weak phyllic, weak-
moderate phyllic, moderate phyllic, moderate-intense phyllic, intense, quartz vein, 
tourmaline breccia, and a repeated weak phyllic alteration zone (for validation 
purposes). Each domain contains more than 5 metres of diamond drill core except 
Domain 7 that contains the only 3.5m of drill core. The CVDH approach focusses on 
the hydrothermal alteration effects on the host rock created from multiple alteration 
episodes during the formation of the porphyry copper deposit. 
 
The complete 85 m set of drill core were shipped from Chile to Australia in 2014. 
Hyperspectral infrared reflectance and high resolution natural colour imagery was 
collected from the drill core using two 
automated infrared core logging 
systems evaluated in this study. The 
Exploration Data Centre of 
Queensland’s HyLogger-3 system 
scanned the full 85 m of the core at 
their State core housing facility at 
Zillmere, Brisbane. Sample preparation 
was minimal and involved the removal 
of surface dust with a firm brush and checking the core for evidence of drilling fluid 
known to compromise the spectral integrity of the infrared reflectance data. The size 
of core samples is shown in Figure 6-1.  
 
 
 
Figure 6-1: Los Bronces core samples. 
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Figure 6-2:  Composite Virtual Drill Hole log. 
 
N/A 
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6.3 Defining and measuring the geological parameters 
The main lithology for this study is quartz monzonite which has undergone variable 
degrees of phyllic alteration intensity converting a few feldspars to sericite in the 
weak alteration domain and ranging up to extensive (>80%) replacements of 
feldspars in the intense phyllic alteration domain. Phyllic alteration is common in a 
variety of hydrothermal ore deposits and typically forms over a wide temperature 
range by hydrolysis of feldspars to form sericite (fine-grained white mica), with minor 
associated quartz, chlorite, and pyrite. The mineral replacements and textural 
changes occurring during the alteration process are key parameters, and they are 
notable at mesoscale from the photo image in Figure 6-3.  
 
 
Figure 6-3: Different degree of phyllic alteration from Los Bronces.  
 
The relative abundances of the identified minerals reflect the degree of mineral 
replacement in the alteration domains.  The weak phyllic alteration domain contains 
the greatest amount of the original quartz monzonite mineralogy that is dominated by 
quartz and feldspar (made up of the approximately equal proportion of K-feldspar 
and plagioclase) and notably contains significant chlorite with lesser white 
mica/sericite.  
A mineral replacement parameter constructed from these results is one of two key 
parameters proposed for later work as input into rock strength distribution model and 
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mine to mill studies. Figure 6-4 shows the mineral composition based on QXRD and 
textural changes as images for each domain. The consistent and significant increase 
in Quartz from domain 1 to 5 is the clearest change of the ore during alteration. 
 
 
Figure 6-4: Mineralogical characterization of each domain as a cumulative 
distribution of the major minerals. 
 
The sericitic alteration of Domain 1 contains the least sericite and quartz, and the 
highest proportion of approximately equal k-feldspar and plagioclase, reflecting a 
mineral composition closer to the original quartz monzonite lithology. This is further 
supported by the significant proportion of chlorite with minor biotite where 
hydrothermal alteration conditions were not strong enough to convert these minerals 
to sericite as per the other domains. Domain 1 (d1) is the only domain to contain 
gypsum which is grouped as ‘others’ in the plot, located on fractured core surfaces 
and likely the result of late stage down-welling ground waters.  
6mm 
Alteration Intensity Domain 1 to 5 
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Mineral replacement is defined as occurring when the original mineral composition of 
the rock changes to alteration minerals (quartz, sericite, kaolinite, dickite, zunyite, 
pyrophyllite, biotite, hydrothermal k-feldspar, etc.) during the hydrothermal alteration. 
In this study, the selected alteration type is sericitic, and the diagnostic minerals for 
sericitic alteration are quartz and sericite. Minor tourmaline and chlorite are present 
under incipient conditions or in mafic rocks, and illite, rather than sericite is 
characteristics at lower temperatures near 200 – 325 °C (epithermal environments). 
Feldspars are replaced by alteration minerals, and the feldspars may be preserved 
depending on the degree of alteration.  Therefore the key mineral is plagioclase 
being replaced by sericite and other alteration minerals. The plot in Figure 6-5 shows 
the quartz – plagioclase relationship across each domain. Domain 4 is moderate to 
intense alteration with a minor component of the original mineralogy and rock texture 
changed, but the original texture is still preserved.  Domain 5 (d5) shows the intense 
alteration and its texture is largely destroyed as a result of strong hydrothermal 
alteration. The difference between these mineral ratios is the proxy of mineral 
replacement which can be used in predictive comminution and processing modelling.  
 
 
Figure 6-5: QXRD plagioclase and quartz results of each domain which 
indicates the degree of alteration 
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Texture Changes: is defined as the original texture of the rock changing during 
hydrothermal alteration. In other words, the texture is destroyed by hydrothermal 
fluids and the original texture becomes unrecognizable once it is intensely altered. 
The grain size of key minerals for a defined alteration type is used as a proxy of 
texture. The plagioclase grain size decreases when it is altered across each domain. 
The grain size information is quantified using optical microscopy and five maximum 
sized particles from each domain are selected, and the size of plagioclase crystals is 
measured from the crystal axis. The maximum size of the crystal is noted and 
averaged for the comparison with the original size of the mineral.  Plagioclase is 
replaced by other alteration minerals during the alteration and the grain size changes 
accordingly. The measured grain sizes for each domain are presented in Figure 6-6.   
 
Figure 6-6: The grain size changes of plagioclase during the alteration. 
 
The mineralogy and texture of the five domains is detailed in the following 
description with examples of drill core textures provided in Figure 6-7. D1 is shown 
by the weak phyllic alteration and porphyritic texture is clearly recognizable from the 
photos in Figure 6-7 as compared to d5 which shows intense phyllic alteration and 
the porphyritic texture is fully replaced, and the original texture no longer exists - 
which is known as pervasive texture. Mineral decomposition of the original formation 
and texture changes during the alteration has a strong effect on rock strength.  
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Domain 1 
 
Weak 
phyllic 
alteration    
Domain 5 
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Figure 6-7: Textural variation in Domains 1 and 5. 
 
6.4 Rock Strength Measurement   
The core samples collected at Los Bronces were subjected to a thorough and unique 
series of tests in order to establish a definitive relationship between the degree of 
alteration and strength.  
 
The following sequence of tests was conducted, described briefly here and then 
detailed in each sub-section of the experimental work.  
 
1 – Sample preparation and methodology development.  
 
2 – Initial Impact breakage tests on irregularly shaped particles at LTM laboratories, 
Brazil. The purpose of the tests was to develop the testing methodology for the 
larger test campaign program in Australia.  
Test Condition: Two size fractions are tested at LTM which are -11.2+9.5mm 
and -5.6+4.75 mm. The tests involved dropping the steel ball from a drop 
height of 13 and 16 cm.  The weight of the ball is 1.53 kg and 0.257 kg for the 
size of -11.2+9.5 mm and -5.6+4.75 mm respectively. Around 350 individual 
particles were tested. 
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3 – Detailed Impact tests on irregularly shaped particles at JKMRC laboratories, 
Australia.  
Test Condition: The SILC tests on irregularly shaped particles (-
11.2;+9.5mm)  were completed at 3 different energy levels from drop heights 
of 26.6, 20 and 15cm and more than 2000 individual particles were tested 
from the composite virtual drill hole (CVDH). The weight of the ball is 0.535 
kg. 
 
4 – Impact tests on minicore samples at JKMRC Laboratories, Australia 
Test Condition: 6mm minicores were drilled out of the larger broken particles 
to provide a consistent geometry from carefully selected zones of the same 
degree of alteration. The SILC tests on minicore samples were completed at 
one energy level from a drop height of 8 cm, and more than 500 individual 
minicore samples are tested. The weight of the ball is 0.535 kg. 
 
6.4.1 Sample Preparation and Methodology Development 
The samples taken from Los Bronces copper mine were prepared in two groups with 
5 metres of core from each domain. A total of 10 metres core from five domains were 
sent to LTM laboratories in Brazil and the rest of the samples were sent to JKMRC in 
Australia. The preliminary single impact tests at LTM laboratories followed the 
procedure outlined in Figure 6-8. 
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Figure 6-8: Sample preparation for SILC test. 
 
The half core samples were crushed gently in a standard laboratory jaw crusher 
using 15 mm opening which is set using a calliper and aluminium foil. Then, the 
samples were processed in an autogenous tumbling mill for 10 minutes to create 
more rounded particles by removing sharp tips. Two size fractions (-11.2+9.5 mm 
and -5.6+4.75 mm) were selected for testing in the SILC after the size distribution 
analysis for 5 minutes using a Ro-tap sizer.  
 
Fifty particles from each size fraction were selected for the SILC test (Figure 6-9). It 
is important to select more rounded and/or sub-rounded particles instead of a 
particle which has a sharp point which may give an error during the measurement. 
Each particle was individually weighed, and its height measured before each particle 
was tested in the SILC.  
Chapter 6: Development of a novel approach for integration of fundamental geological parameters 
with rock strength  
 
   
 Barış Gazanfer Yıldırım  177 
 
Figure 6-9: Particles prepared for SILC test at (a) -11.2+9.5mm and (b) -
5.6+4.75mm.  
 
Mini core samples were prepared from the survivor particles after the first gentle 
breakage in the jaw crusher. In other words; the survivors are bigger than 19mm 
after the screening. These particles are stronger and even though they have a 
similar mineralogical composition to the finer particles; they survived to be present in 
the +19mm size fraction. The minicore samples (Figure 6-10) are prepared from the 
coarse size particles after gentle breakage during the preparation of the irregularly 
shaped particles for SILC tests. The 
coarse particles from each domain were 
collected and drilled using a laboratory 
scale drill, and cylinders of rock 6mm in 
diameter and 10 mm in length were 
prepared for further mineralogical and 
breakage testing.  The SILC tests were 
performed at a drop height of 8cm. 
 
 
QXRD analysis was completed for size fraction of -11.2+9.5 mm at CETEM in Brazil. 
Further scanning electron microscopy (SEM) was conducted for the size fraction for    
-5.6+4.75 mm in order to observe the effect of mineralogical changes due to 
alteration in rock strength measured by the SILC.  
 
A detailed QXRD analysis was completed on the samples sent to Australia for the 
testing at JKMRC. Testing was conducted in two groups which were irregularly 
Figure 6-10: Minicore samples from d1. 
 
a) b) 
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shaped particle testing and mini core testing. The tests were repeated for quality 
control measures, and 15 sets of repeats were conducted. The mini core samples 
were first scanned in an automated logger (Hylogger3), and X-ray tomography 
analysis was conducted on a subset of the samples. Once the mineralogical 
characterization was completed, the mini core samples were tested in SILC for 
fracture strength.  The full set of tests is summarised in the flow diagram in Figure 
6-11. 
 
 
Figure 6-11: The schematic diagram of the methodology. 
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6.4.2 Initial Impact Test Results on irregularly shaped particles (LTM 
laboratories) 
The SILC test was performed for each domain from 1 to 5 at each selected size 
fraction, and three repeats are completed for QA/QC purposes. The results are 
presented in Figure 6-12 as a cumulative distribution of specific energy. The results 
show the experimental data and the curve of the fitted model using Equation 18 
(Tavares and King, 1998).  
 
 
Figure 6-12: SILC test results LTM, -11.2+9.5mm. 
a) 
b) 
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The cumulative distribution of specific energy to fracture provides a natural 
distribution of strength that is inherent in all rock. The distribution provides the 
median strength (the 0.5 probability of breakage) and the distribution of strength for a 
particular type of rock. These parameters provide a unique signature of the strength 
of each type of rock. The median fracture energy provides a clear and well-defined 
value for comparing the strength of the rocks in a manner that is independent of any 
comminution device (mill, crusher, etc.). For this reason, it is used as the principle 
method of comparing rock strength in this study. The methodology and its application 
are presented in detail by Tavares (1998). 
 
For the Los Bronces ore, D1 and D5 represent the end members of phyllic alteration 
of quartz monzonite, which are the samples from weak and intense alteration 
respectively. In Figure 6-12a, D1 is shown to have widely distributed population and 
it requires higher specific energy to break the particles as compared to D5 which has 
a tighter population and requires much less specific energy. As shown in Figure 
6-12b the other domains (D2, D3, and D4) fracture energies lie between the end 
members of the alteration. These domains represent progressive alteration from 
weak to moderate, moderate and moderate to an intense degree of alteration. The 
results show that a minimum of 400 J/kg and a maximum of 1200 J/kg energy is 
enough to break the entire domain from that alteration of the selected lithology, and 
the results also provide the specific energy distribution of each domain. This is 
repeated for the smaller size class of -5.6+4.75mm presented in Figure 6-13.  
 
The results from finer size fraction (-5.6+4.75mm) are similar for the end members of 
phyllic alteration, the major trending for the end members (d1 and d5) is also 
captured at the finer grain size, but the resolution for moderately altered samples 
was poor, and the results from d2, d3, and d4 are close to d1 (Figure 6-13). The 
slight changes to the degree of alteration may not be captured at the smaller sample 
size at SILC. Therefore, the coarse size fraction (-11.2+9.5mm) is selected as the 
size fraction for the detailed experimental work. The difficulties of the experiment 
itself should be noted for the fine size fraction as each particle must be individually 
placed and collected for each test. 
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Figure 6-13:  SILC test results LTM, -5.6+4.75mm. 
 
6.4.3 Statistical analysis of the significance of the results 
Three repeat tests were conducted for quality control on domains d3, d4, and d5. 
The t-test, which is a statistical hypothesis test used to determine if two sets of data 
are significantly different from each other, is well-suited to establish if distributions 
are significantly different. The test was applied to the function in Microsoft Excel to 
check the hypothesis. The comparative distributions are presented in Figure 6-14. It 
is apparent that the repeat tests are similar for each of the domains, but not obvious 
a) 
b) 
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if they can be called equivalent. The null hypothesis of d3, d4 results are not rejected 
as compared to D5 result which is rejected. The small variation occurs due to 
mineralogical and textural changes within each domain, and the variation is high for 
the intensely altered domain (d5).  The breakage behaviour of d5 is not consistent; 
the intensity of alteration and the number of microcracks within each particle may be 
the cause effect of inconsistency.   
 
 
Figure 6-14: Repeat tests at Domain 3, 4 and 5.  
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6.4.4 Detailed Impact Test Results on Irregular shaped particles (JKMRC, 
Australia)  
 
Figure 6-15: Irregular shaped particles. 
 
A more detailed impact testing programme was conducted with the SILC at the 
JKMRC in order to more fully understand the breakage behaviour of phyllic 
alteration. Fifty particles from each domain, shown in Figure 6-15 were tested at 
three different energy levels, 0.11 kwh/t, 0.15 kwh/t and 0.2 kwh/t corresponding to 
drop heights of 15, 20 and 26.6 cm respectively for this SILC rig. The range of 
impact energies was designed to investigate the force to first fracture at optimum 
applied energy.  
 
The test results presented in Figure 6-16 indicate significant correlation with the 
degree of alteration. The intensely altered domain (d5) requires the least energy, and 
the weakly altered domain (d1) requires the highest energy in order to break all the 
particles. The other domains (d2, d3, and d4) are aligned in between the end 
member of the alteration. In order to break all the particles at d5 (intense alteration); 
the maximum energy requirement is 0.04 kwh/t as compared to a d1 (weak 
alteration) requirement which is maximum 0.1 kwh/t which is 2.5 times higher than 
the intensely altered domain (d5). This approach provides useful information for mine 
planning related to mill throughput modelling. The optimum energy requirement to 
apply to each domain could be decided once the SILC tests were completed. The 
tests also provided particle strength and stiffness which are important parameters for 
Chapter 6: Development of a novel approach for integration of fundamental geological parameters 
with rock strength  
 
   
 Barış Gazanfer Yıldırım  184 
blasting and excavating. These results provide accurate and detailed information 
which could be used to achieve optimum milling and input required energy level for 
each lithology and alteration types.  
 
It is noted that the force to the first fracture is easier to define once the applied 
energy is set to be just enough to break the particles. When the applied energy is too 
high and too low, it is difficult to define which of multiple inflection points is the 
signature of the first fracture. Therefore, the results from the 0.15 kwh/t test have a 
better resolution compared to 0.11 kwh/t and 0.20 kwh/t impact tests.  However, the 
major trending of the end members was captured at all the energy levels similarly. 
The moderate alterations (d2, d3, and d4) have some variation within its domains. 
Therefore, the position of the moderate alteration may have slight differences, but 
they are always located in between the results of end-members (d1 and d5).  
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Figure 6-16: Irregular shaped particles SILC results (26.6, 20, 15 cm drop height). 
 
The vertical line in each graph represents its input specific energy, i.e. the 
maximum energy that could be absorbed by a particle during breakage. 
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The results presented for each degree of alteration in  
Figure 6-16 show that it is also important to understand the breakage response of all 
the domains from weak to intense alteration of the selected lithology. Therefore, the 
results were combined into one dataset. These different ore types will be mixed 
during the mining, stockpiling and/or milling activity, or they will be mixed with a 
different alteration from the different lithologies. The approach presented here 
provides the flexibility to focus from one single particle to the selected degree of 
alteration domain or to the one alteration type from a selected lithology as one 
domain which is presented in Figure 6-17.  All the particles (1622) excluding the 
repeats from each domain are combined in one dataset which provides the specific 
energy distribution of phyllic altered domain from weak to intense alteration from the 
selected lithology (granodiorite). This analysis has shown the energy requirement of 
the tested lithology and alteration type has a very wide range from 0.001 to 0.1 
kWh/t. This is very much in line with the degree of alteration. Less than 0.2 kWh/t 
input energy is enough to break all the particles of the tested lithology and alteration.  
 
 
Figure 6-17: The SILC results of all the domains (d1, d2, d3, d4 and d5). 
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It should be noted that this is the energy required for a single breakage event; 
hundreds of these are required to reach a required final product size. 
6.4.4.1 Statistical analysis of the significance of the results 
Six repeat tests were performed to test the repeatability of the tests so as to 
establish if the observed differences are statistically significant.  The t-test results are 
presented in Figure 6-18 which indicates the population from each test are identical. 
Even though the population of each of the repeat tests was statistically identical, it 
can be seen that they are not exactly the same. There are slight differences which 
may occur due to the shape factor, mineralogical changes within each domain, micro 
cracks, and experimental errors. Again, d5 has the largest variation between the 
repeat tests, reflecting the variability of the highly altered ore zone. 
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Figure 6-18: Repeat test results.  
 
6.4.5 Impact Test Results for minicore samples  
The aim of preparing the minicore samples was to examine the SILC tests results for 
regular shaped particle and study the relationship at individual particle scale between 
the automated logging, XCT, and breakage. If a strong correlation can be found 
between the automated logging results and specific fracture energy this can create a 
highly attractive automation opportunity for comminution modelling studies.  
 
For this work, the applied impact energy was fixed 0.06 kwh/t. The selection of the 
impact energy was based on the fracture energies determined from breaking the 
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irregular particles. Due to the effort in obtaining these minicores and the resulting 
limited supply of minicore samples, great care was taken in applying the correct 
breakage procedure and energies. The procedure for testing and the selection of 
appropriate energies was developed by Bonfils (2015). It should be noted that the 
preparation of samples demanded a lot of time and caution.  
 
The results from d1 and d5 are presented in Figure 6-19. The maximum energy 
requirement to break all the particles from d5 (intense alteration) is 0.023 kwh/t as 
compared to a d1 (weak alteration) requirement which has a maximum 0.038 kwh/t 
which 1.5 times higher than the intensely altered domain (d5). SILC test results of 
minicore samples demonstrated significant energy difference even at low applied 
energy, as the rock shape factor is eliminated in these tests. The shape has a 
significant influence on rock strength, which was also observed during the initial 
testing at LTM laboratories and supported by the studies of Chandramohan, 2013.  
 
 
Figure 6-19: Minicore SILC results from d1 & d5 at 8 cm drop height. 
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Figure 6-20: The SILC results of all the domains (d1, d2, d3, d4 and d5). 
 
Additional testing was performed with other copper porphyry ores in order to 
compare with the Los Bronces copper porphyry results. The results are presented in 
Figure 6-21. The samples were collected from the available copper porphyry ore 
samples at JKMRC laboratories. Ore samples from Cadia porphyry, Australia and 
another North American ore (the deposit name is subject to confidentiality) were 
tested, and the results from similar porphyry deposits were well aligned with the 
results from d1 (weakly altered sample). Another sample was taken from a typical 
sandstone sample which was also available at JKMRC. Consistent with knowledge 
of the properties of sandstone, it was shown to require much less energy for fracture 
compared to porphyry ores.  
 
The results are evaluated with mineralogical analysis such as spectral mineralogy, 
XCT and QXRD results which are discussed in following sections separately.  
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Figure 6-21: A comparison of SILC results with other copper porphyry ores 
(Cadia and North America) and sandstone. 
 
6.4.6 Summary of Presented Methodology 
This fundamental approach proposed in this work is investigated in detail for a single 
alteration type from the selected lithology of the Los Bronces deposit. There are four 
other major lithologies at Los Bronces and each lithology and alteration in the 
deposit can be tested using the same methodology which can be conducted by Los 
Bronces mine site to extend this understanding to other lithologies and alteration 
types. Once the whole deposit is tested using the same methodology, the mill 
throughput can be optimized according to specific energy requirements of the 
lithology and alteration type which is going to be milled.  
 
The methodology can be used in the understanding of specific fracture energy 
requirements for each selected lithology and alteration types that can be 
incorporated with ore body knowledge for further studies as presented in Figure 
6-22. The block model of a porphyry copper deposit has the input data of primary 
geological logging and geochemical assay results. One lithology and single alteration 
type should be selected from the block model and degree of selected alteration 
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should be tested within the lithology. Automated logging and/or re-logging can be 
done to check the primary information. The composite virtual drill hole of the selected 
lithology is tested using the developed methodology and the specific fracture energy 
model of the selected lithology and alteration presented in Figure 6-17. This 
information can be incorporated into the block model. This development of this 
approach will require further work beyond the scope of this thesis.   
 
Figure 6-22: The new approach to ore body knowledge. 
 
The current geometallurgy studies require a high budget and multiple extensive 
testing programs. However, the outcomes from these extensive efforts result in 
predictive models which mostly do not include an understanding of the primary 
geological features of the ore. Therefore, the new approach provides the advantage 
of working in energy requirement space and because of the sampling strategy; the 
approach links the primary geological features with the breakage behaviour of the 
ore. Further evaluation is needed both in different lithology and alteration types such 
as tourmaline breccia; diorite hosted ore and potassic, argillic alteration.    
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6.5  Quantification of mineralogy and degree of alteration  
6.5.1  QXRD Rietveld results (CETEM, Brazil) 
Seven samples were analysed by QXRD at CETEM (centre of mineral technology), 
in Brazil with measurements completed for each domain with two repeat samples for 
domain 3 and domain 4. The XRD results were interpreted using Rietveld method 
with support from Dr. Reiner Neumann, CETEM, and Brazil. The QXRD results are 
presented in Table 6-1.  
Table 6-1: QXRD results. 
 
 
The QXRD results confirm the geologists’ logging and the degree of alteration 
increases from domain 1 to domain 5 which represents the weak phyllic alteration 
and intense phyllic alteration respectively. Albite is replaced by other alteration 
minerals, and the amount of alteration minerals (specifically kaolinite, dickite, 
zunyite, illite, etc.) increases from domain 1 to 5. Besides the replacement of albite, 
the quartz ratio increases due to the degree of hydrothermal alteration. This 
fundamental relationship between the rock forming and alteration minerals are 
essential, and the PAI is calculated according to QXRD results and plagioclase 
replacement as well as quartz addition which increases with the degree of alteration. 
The alteration is presented in Figure 6-23.  
 
Phase Name D1 % D2 % D3 % D3R % D4 D4R % D5
Quartz 19.7 24.7 44.0 41.2 43.9 46.7 58.6
Magnetite 2.1 0.5 0.0 0.0 0.0 0.0 0.6
Phlogopite 1M Mica 8.2 1.9 1.8 1.7 2.0 0.6 0.8
Hornblende magnesian iron 0.7 2.5 1.5 1.5 1.6 2.8 2.7
Kaolinite (BISH) 0.1 0.9 0.7 0.7 1.2 1.5 1.3
Albite intermediate 43.9 25.3 9.6 11.9 1.1 0.3 0.4
Orthoclase 2.6 9.6 0.9 1.0 3.7 2.2 0.3
Augite Px 2.5 3.2 2.7 2.7 3.4 2.1 0.8
Zircon 0.0 0.1 0.4 0.3 0.5 0.4 0.5
Titanite 1.9 1.4 2.2 2.7 2.5 2.8 1.5
Chamosite 1.5 0.8 2.1 2.0 0.0 1.1 0.4
Muscovite 2M1 3.3 5.5 24.1 24.4 34.7 28.6 22.9
Microcline intermediate2 5.2 17.9 2.8 3.3 2.1 5.8 2.7
Anorthite 8.1 5.4 5.0 4.6 0.8 2.7 1.7
Pyrite 0.2 0.1 2.0 2.0 2.5 2.5 4.8
Total 100 100 100 100 100 100 100
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Figure 6-23: PAI calculation of each domain. 
 
6.5.2 QXRD Rietveld results (JKMRC, Australia) 
 
Forty-five samples were sent to United Mineral Services in Australia, and the 
interpretations are completed by Dr. David Tilley. The samples were collected from 
the four grouped size fractions (-26.5 +11.2mm, -11.2+9.5mm, -9.5+4.75mm and -
4.75mm). A study was conducted to investigate if the single selected size fraction (-
11.2+9.5mm) was representative of the composite sample so as to ensure that this 
selection did not introduce any bias to the subsequent calculations based on the 
SILC results. Quartz, plagioclase, muscovite and k-feldspar values the selected size 
fraction (-11.2+9.5mm) for SILC testing are compared with the composite modal 
mineralogy in Figure 6-24. Five percentage error bars are applied, and the results of 
selected size fraction (-11.2+9.5mm) for SILC testing is within the limit of five 
percentage as compared to composited QXRD results of each domain. The five 
percentage error is an acceptable experimental error at mineral quantification using 
QXRD Rietveld methodology (Neumann, 2015). The QXRD results of each domain 
are presented in Appendix 4.  
Chapter 6: Development of a novel approach for integration of fundamental geological parameters 
with rock strength  
 
   
 Barış Gazanfer Yıldırım  196 
 
Chapter 6: Development of a novel approach for integration of fundamental geological parameters 
with rock strength  
 
   
 Barış Gazanfer Yıldırım  197 
 
Figure 6-24: QXRD result comparison between the selected size fraction (-
11.2+9.5mm) and the composite sample. 
 
The process alteration index is calculated for each domain which is presented in 
Figure 6-25. D1 was repeated for the whole experimental procedure including 
automated logging, XRD and SILC tests. The absolute values are used for 
plagioclase replacement which is normally negative. Plagioclase always replaces by 
alteration minerals. It is mostly muscovite and rarely kaolinite in phyllic alteration. 
Quartz content increases during alteration, weakly altered domain (d1) has the 
lowest quartz value as compared to the intensely altered domain (d5). 
 
 
Figure 6-25: PAI calculation for each domain.  
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6.5.3 SEM results (LTM laboratories) 
In order to understand the relationship between the mineral composition and the 
strength of the ore, it is important to understand how a single fracture propagates 
under a single impact. Therefore, particles from different domains at (-5.6+4.75mm) 
were selected and impacted using the SILC. The impact force was around 800 J/kg. 
An electron microscopy study was conducted on the particles that were not broken. 
The samples were polished at LTM, Brazil and gold coated at metallurgy department 
of UFRJ where the electron microscopy study was initiated. Zeiss DSM 940 link with 
microprobe was used for scanning electron microscopy (SEM) study, and the focus 
was to understand the mineral composition difference around the fracture 
propagated under single impact.  It is important that the microstructure will provide 
useful information on rock behaviour during crushing and particle breakage which 
are the main parameters for modelling and selection of industrial crushers (Tavares, 
2007). Microprobe analysis was completed on 10 different particles selected from 
each different alteration domains. Figure 6-26 indicates that the first fracture after 
single impact on the selected particles does not specifically follow the boundaries 
between the gangue mineral boundaries. However importantly, it was noted that if 
there is sulphide mineralisation such as chalcopyrite, pyrite, and bornite; the fracture 
tends to follow the sulphides mineral boundary shown in Figure 6-27, Wang (2015).   
 
That observation shows that the mineralisation occurring during the ore formation 
plays an important role in breakage characterization, and it is known that the 
mineralisation occurs through the alteration process. This observation is supported 
once the ore is ground finer; the sulphides tend to be liberated. 
 
The electron microscopy and QXRD results indicate that the mineral composition 
does not have a direct relationship with rock breakage behaviour. However, the 
degree of alteration has a significant relationship with the rock breakage behaviour; 
therefore it is more important to understand the relative changes of ore according to 
its original form (not altered form).  
Chapter 6: Development of a novel approach for integration of fundamental geological parameters 
with rock strength  
 
   
 Barış Gazanfer Yıldırım  199 
 
Figure 6-26: Backscattered electron microscopy (BSE) images and microprobe 
analysis (orange and blue marks) on the single fracture. The fracture does not 
follow any mineral boundary. It is a random event after the single impact.  
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Figure 6-27: Backscattered electron microscopy (BSE) images indicate that the 
sulphide mineralisation (chalcopyrite(chp), bornite(bn), pyrite(py)) has a 
significant role on the first fracture which may tend to follow the mineral 
boundaries between the sulphide minerals and gangue minerals.  
 
6.5.4 3D tomography mineralogy 
Eighty mini-core samples were measured on a Xradia (now Carl Zeiss Microscopy 
Unit) Versa 500 microCT imaging system. This microCT system was introduced in 
late 2011, and it employs a state-of-the-art X-ray source. The spot size of this X-ray 
source is around 2 microns or less. The combination of this source with the X-ray 
lenses enables this system to yield an enhanced spatial resolution. The scan 
parameters are summarized in Table 24.  
 
As one of the key forms of information required in this project is to characterise 
different gangue phases, the tomography data were collected using a low voltage of 
60 kV. At low voltages, the image contrast between different gangue phases is more 
enhanced. In Table 6-2, the imaging settings and some of the key parameters used 
in the image reconstruction are summarized. Under the given imaging condition, the 
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resulting voxel size is 7.5 microns. Typically, three CT volumes are required for each 
mini-core sample using the stitching mode. The imaging was carried out in a 24-hour 
session that covers two mini-core samples placed in a cylindrically shaped sample 
holder which is mounted on the sample stage. As the Xradia Versa 500 system 
normally requires the change of the target every 24 hours, in this way there was no 
target change during the image acquisition thus avoiding any instability that could 
happen during the target change. Before commencing each imaging session, a 
warm-up time of one hour was allowed to stabilise the X-ray source.  
Table 6-2: The XCT scan parameters. 
Parameter Setting 
Objective 0.4X 
Filter LE#2 
Source-Object Distance 20 mm 
Detector-Object Distance 160 mm 
Exposure Time 5.5 seconds 
Camera Bin Bin 2 
Number of Projections  1600 
Filtering Constant  0.7 
Beam Hardening Correction 
Coefficient 
0.3 
 
6.5.4.1 Quantitative Image Analysis 
A. Noise Reduction using Bilateral Filtering 
One of the challenges in any image-based quantification is noise-related errors. The 
noise level in CT images is usually high. So in order to reduce the noise-related 
errors, all the raw images were first smoothed by a widely popular filtering process of 
bilateral filtering. The bilateral filtering algorithm was originally proposed by Tomasi 
and Manduchi (1998) to reduce the noise level in digital images. The most attractive 
feature of the bilateral filtering is its effectiveness in reducing the noise but at the 
same time preserving the image sharpness (the edges). The implementation of the 
bilateral filtering uses the Gaussian functions for both the spatial variable r and the 
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range variable I (the grey-scale intensity or the CT value). There are two parameters, 
the standard deviation for the spatial variable r, σr, and the standard deviation for the 
range variable I, σI, used in the bilateral filtering. The chosen geometric spread σr in 
the spatial domain will determine the level of low-pass filtering. A large value for σr 
blurs more as voxels from more distant are weighed in. Similarly, the spread σI 
control the level of influence in the range domain. Voxels with grey-scale intensity 
values much closer to each other than σI am mixed together whereas voxels with 
values far apart from each other are not. Bilateral filtering can be computationally 
intensive especially implemented in 3D in the current investigation. In order to 
partially reduce this computational burden especially for a large kernel size, a look-
up table for the exponential function was pre-calculated. Representative CT images 
before and after the smoothing are shown in Figure 6-28. The CT images after the 
smoothing have a slightly better resolution; especially this could be seen along the 
mineral boundaries.  
 
Figure 6-28: a) Representative CT images before the smoothing and b) after 
the smoothing showing the reduction of the noise level. 
 
B. Quantitative Analysis 
After the smoothing, the CT data were processed as follows. First, the mini-core was 
extracted from the background using a watershed segmentation approach (Beucher 
& Meyer, 1990). Then the data were segmented into a 6-class segmentation 
including air (≤4250), four gangue phases (gangue phase #1 (4250<G1≤4900), 
a) b) 
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gangue phase #2 (4900<G1≤5600), gangue phase #3 (5600<G1≤6800) and gangue 
phase #4 (6800<G1≤11000)) and a sulphide phase (S>11000). The percentages of 
the different phases with respect to the total volume of the core were then produced 
for each of the mini-core samples. A representative segmentation result is shown in 
Figure 6-29 together with its original image (the smoothed image). 
 
 
The tomography image is compared to an equivalent representative MLA slice in 
Figure 6-29. The equivalence of the images between the two techniques is clear. 
Tomography has the advantage of producing images throughout the sample to from 
3D images and correct volumetric relationships. MLA has the advantage of being 
more discerning between minerals of similar densities. XCT image colour coding is 
different from the MLA which is G1 (green) represents quartz, G2 (yellow) is 
plagioclase, G3 (red) is muscovite, G4 (blue) is the others and Sulphide are the 
bright colour.  
b) 
G1 
G3 
S 
G2 
G4 
a) 
G4 S 
G3 
G2 
G1 
G4 S 
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Figure 6-29: A representative MLA results together with the original CT image 
and the segmented image.  
 
6.5.5 The use of XCT 
XCT provides a powerful platform for understanding the details of mineral distribution 
which can support both geological and processing research studies. The best effort 
was completed to approach quantifying the gangue mineralogy, but the difficulties of 
quantifying gangue minerals at XCT for LB ore are caused by the similarities of 
gangue mineral densities at granodiorite hosted ore type. The data set was useful to 
examine existing microcracks occurred during the sample preparation of the 
minicores, so those samples were excluded in order to avoid any bias in testing. The 
two samples may have the same mineralogical composition and the same texture, 
but because of existing microcracks; the breakage behaviour can be different under 
the same level of impact.  
 
The technology of XCT should be improved to have a precise measurement on 
gangue minerals which have the similar densities. However, the instrument with 
current technology can still be useful for different ore types which have a significant 
difference in gangue and ore mineralogy such as base metal skarn and chromite 
ores.  
MLA 
Legend 
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6.6 Establishing the relationship between the degree of alteration 
and specific fracture energy (PAI vs. SILC results)  
6.6.1 PAI calculated from QXRD vs. SILC results 
The PAI is calculated for each domain according to QXRD modal mineralogy as it is 
presented in section 6.5. Percentage of quartz addition (Add_Qtz%) and percentage 
of plagioclase replacement (Rep_Plg%) are correlated with the irregular particle 
SILC results completed at three different input energy (0.2, 0.15 and 0.11 kW/t). The 
mean value (ED50) is used from the SILC results for the correlation which is 
presented in Figure 6-30. The best correlation is observed at the input energy of 0.15 
kW/t. The R2 values of Add_Qtz% and Rep_Plg% are 0.79 and 0.75 respectively. 
Low energy (0.11 kW/t) has the lowest R2 value which varies between 0.3 – 0.45 as 
compared to the correlation at high energy (0.2 kW/t) which resulted in an R2 of 0.6. 
No significant correlation could be derived with the mineralogical composition of the 
ore, but the correlation with PAI is obtained up to 0.75 R2. There are other 
parameters at irregular particle tests which are difficult to control such as shape, the 
size of individual particles, microcracks, and mineralogical variations within each 
domain. Therefore, the minicore SILC tests were completed at controlled shape, and 
the correlation with PAI was investigated with the minicore sample results as 
presented in Figure 6-31. 
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Figure 6-30: Irregular particle SILC results vs PAI (calculated using QXRD 
results). 
 
The minicore results show significant correlation with ED50 of force to first fracture 
distribution obtained from the SILC tests. The correlation of both parameters has up 
to a 0.98 R2. It is noted that the mean value of the SILC tests is well correlated with 
the PAI instead of individual particle results. The breakage tests should be 
conducted with sufficient particles to provide a representative mean value for the 
selected domain. In this experimental method, each test was conducted on 50 
individual particles. Quartz vein and tourmaline breccia domains were tested at the 
experiment conditions, and ED50 values of these two domains were plotted in the 
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same graphs in order to present the differences of ED50 with the other ore types. 
They are presented as a red square (quartz vein) and green triangular (tourmaline 
breccia) respectively. “Controlled impact tests using the Hopkinson pressure bar 
have shown that the measured strength as given by force to the first fracture is not 
affected by the variable contact area for rocks samples with constant thicknesses. 
This indicates that the energies absorbed by the rock samples are statistically 
similar.”  Chandramohan, (2013). Therefore, preparation of minicore samples at the 
same size and thickness were important to test the hypothesis.  
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Figure 6-31: Controlled shaped particles (minicore) SILC results vs. PAI 
(calculated using QXRD results). 
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6.6.2 New technology tests for calculating the PAI 
Once the relationship is established between the PAI and specific fracture energy; 
additional testing was initiated to calculate the PAI from the modal mineralogy 
obtained from XCT and automated logging respectively. Firstly, to investigate the 
relationship between the mineralogical composition of the rock and breakage using 
the 3D tomography technology which may provide much more detailed information 
about the sample.  
 
Secondly, the objective of the extra testing programme was to automate the 
developed methodology; therefore the tests were completed using Hylogger3 
automated logging instrument at CSIRO, Sydney  
6.6.2.1 X-ray Computed Tomography (XCT) 
Eighty mini core samples were scanned through using XCT and six different phases 
were defined which are four mineral groups, air, and sulphide. “The application of X-
ray tomography in mineral processing provides the opportunity to gain better insights 
in ore processability by understanding the three-dimensional relationships between 
mineral grains. The suitability of tomography as a characterisation technique 
depends on the mineralogy of the ore to be assessed; some minerals are not readily 
distinguished from one another (e.g. chalcopyrite and magnetite).” Evans, 2012.    
The PAI could not be calculated using the modal mineralogy proxy from XCT when 
the mineral densities are too close; it is hard to distinguish them as a separate class. 
Precise measurement of quartz and plagioclase minerals is essential for PAI 
calculation as it is explained in Chapter 3.  Twenty-four minicore samples were 
selected, and individual XRD tests were initiated in order to compare the each XCT 
results with the XRD modal mineralogy calculated using Rietveld methodology. The 
results are presented in Figure 6-32.  
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Figure 6-32: Modal mineralogy comparison using two techniques (QXRD and 
XCT).  
 
Sulphide mineral (pyrite + chalcopyrite) results have the best correlation between the 
two techniques, but this correlation is still weak, and XCT tends to have lower values 
consistently. The other minerals have no correlation. Therefore, the PAI could not be 
calculated using the XCT results. The technology provides a detailed analysis of ore 
mineralogy such as chalcopyrite, magnetite, chromite, etc. However, it has its own 
limitations on quantifying the gangue minerals. The instrument can also be used to 
analyse the grain size information, distribution of each ore minerals, their spatial 
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position within the gangue minerals, crack and/or porous analysis which are out of 
the scope of the thesis. The focus of this testing was to investigate the PAI 
calculation using the modal mineralogy obtained from XCT. However, future work 
may well be able to extract additional mineralogical structure and cracking 
information that may well relate to the rock strength distributions. 
6.6.2.2 Automated logging (Hylogger3) 
 
Minicore samples (n=534) prepared for SILC tests were scanned using the 
Hylogger3 automated logging instrument at CSIRO, Sydney and each sample was 
located on a plastic tray painted with black colour as it is shown in Figure 6-33. The 
instrument settings were re-adjusted to scan such minicore samples by CSIRO 
researchers. The labelling is done consistently during the testing procedure as it 
follows automated logging; breakage testing at SILC and QXRD analysis and the 
results for the each sample are obtained for the further data analysis. The correlation 
between the PAI calculated from QXRD and SILC testing was developed, but the 
QXRD is slow and expensive for mineral quantification. Therefore, the automated 
logging was selected to investigate whether the similar correlation can be obtained 
or not at Hylogger3. The automated logging measurement provides core photo, 
textural information beside the modal mineralogy. The measurement is fast and 
cheap, but the level of precision was subject to investigation for PAI development 
using the modal mineralogy obtained from automated logging measurement.  
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Figure 6-33: Minicore scanning at Hylogger 3. 
 
The automated logging scans were returned with mineral abundance index for 
quartz, plagioclase and muscovite which is an index varies between 0 and 1. The 
high abundant mineral within the sample is close to 1 while the less abundant 
mineral represents close to 0. The results are normalized with 1000 (quartz) and 100 
(plagioclase and muscovite) in order to compare with the QXRD results as presented 
in Figure 6-34. The Hylogger3 data tend to have consistently lower abundance 
indices for quartz and muscovite. The modal mineralogy could not be obtained from 
the automated logging scans of each minicore due to the size of each sample (6mm 
in diameter * 10mm in length).  The size was selected for further breakage testing at 
SILC but was found to present significant measurement issues for the resolution of 
the Hylogger3 in its current form.   
 
Twenty four minicore samples were selected for QXRD analysis to investigate the 
precision of mineral abundance index obtained from Hylogger3 with the QXRD 
results completed on each minicore samples. The results are shown that the R2 
Chapter 6: Development of a novel approach for integration of fundamental geological parameters 
with rock strength  
 
   
 Barış Gazanfer Yıldırım  213 
value is above 0.6 which is not enough to develop PAI from the automated logging 
results. The correlation demonstrates the potential of the future use of the automated 
logging in predictive studies.   The mineral abundance index needs to be improved in 
order to have a better correlation with QXRD values.  
 
 
Figure 6-34: Mineral abundance index obtained from Hylogger3 comparison 
with QXRD results. 
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 Conclusion and Recommendations Chapter 7.
Case studies were completed at Highland Valley copper Mine (HVC) and Los 
Bronces Mine (LB) in conjunction with linking ore genesis with rock strength and 
breakage behaviour of the ore. This thesis provides a fundamental mechanistic 
understanding of rock strength distribution through the geological setting of the ore; 
this study can be incorporated into ore body knowledge, mill design, effective 
grinding and mine planning.  
 
This thesis sought to address the following hypothesis: 
 
Key ore-forming parameters which incorporate the alteration and lithological 
variabilities of porphyry copper deposits can be used to predict of the rock strength 
and breakage because geological setting drives the comminution behaviour. 
 
To assess the above hypothesis, two mines were studied, and a novel approach was 
developed, and the conclusions drawn from these investigations are presented 
below.  The research questions are described in Chapter 1 and how they were 
successfully addressed as discussed in the following sections. 
7.1 Research Question 1:  
Can the alteration and lithological variabilities relevant to processing be 
defined using key mineral(s) ratios and textural destruction caused by ore 
formation? 
 
The copper porphyry ore formation system has its own harmony and mineral space. 
Certain lithologies are replaced by certain alteration minerals which allow the 
suitable chemical conditions for copper to be deposited.  It is no coincidence that the 
majority of copper porphyries are hosted by Quartz Feldspar porphyries which the 
general mineralogical composition of quartz feldspar porphyry (hereafter referred to 
as the “original form”) consists of quartz, plagioclase, potassium feldspar, 
hornblende, and biotite. In ore-forming systems, the mineralisation is complemented 
by chalcopyrite, bornite, and other secondary copper minerals, with accessory pyrite, 
magnetite, apatite, etc. In porphyry deposits, these mineral assemblages are 
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replaced by alteration minerals such as quartz, potassium feldspar, illite, kaolinite, 
sericite, chlorite, dickite, biotite, calcite, zunyite, etc. in accordance with a chemical 
reaction series (hereafter referred to as the “alteration form”).  
 
Alteration is a progressive event, and the completion of such events decides the final 
status of the rock and the final mineral composition characterises how the original 
form transformed to the new form.  The certain mineral associations and their 
relationship provide the information about the history of ore formation.  
 
In this study, the focus is the phyllic alteration which is defined as an association of 
quartz and sericite. The key minerals in original form are feldspar (plagioclase and K-
feldspar) which replaces quartz and sericite during the ore formation. The intensity of 
such transformation provides the information about the final texture of the rock and it 
also provides the information about the grain size of the altered form. The key 
replaced/replacing mineral(s) relationship characterise the ore and drive the 
breakage, grinding and downstream processing behaviour. Therefore a process 
alteration index (PAI) is developed to link the comminution and metallurgical 
responses with the mineralogical characterization of the rock.  
 
The PAI focusses on what has been lost in the system, rather than which new 
minerals were formed subsequent to the deposition of the minerals of economic 
interest. The advantage of this approach is that it avoids the need to define the 
complex alteration minerals.  
The PAI calculation takes into account the role of plagioclase and quartz during the 
formation of the porphyry copper system. The three key conditions are: 
 
1. Sodium-feldspar (plagioclase) is always replaced by alteration minerals, 
2. Quartz is always added to the system either as quartz veins and/or through 
the replacement of other minerals, 
3. The original quartz in the rock is never replaced by the other minerals. 
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This approach effectively incorporates the variability of lithology, subsequent 
alteration and copper mineralisation processes. Thus plagioclase replacement is 
given and relative quartz addition by: 
 
Where Plg = Plagioclase content; Qtz = quartz content; Org = denotes mineral 
content of the host rock (original); Alt = denotes mineral content of the ore (after 
alteration). 
 
Thus the research question 1 has been answered for two phyllic alteration systems 
(HVC and Los Bronces) as related to the comminution process.  
 
7.1.1 Recommendation for future work  
An extensive study has been completed on phyllic alteration, and this study should 
be extended to other alteration types of porphyry copper deposits from different 
jurisdictions. The key alteration mineral(s) should be incorporated in the calculation 
to improve the predictive modelling. It is important to note the precision of quantifying 
alteration minerals.  
 
The relationship between PAI and other processes such as flotation and leaching 
should be evaluated.   
 
7.2 Research Question 2:  
Can the defined key parameter(s) be used to predict the rock breakage 
measures (Axb)? 
 
The key parameters which are defined in Chapter 3 are used to develop a correlation 
between the rock breakage measures (Axb). The samples have a good range of 
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variability and covering the end members of the alteration from the selected lithology 
that allows measuring the breakage behaviour during comminution.  
 
The test results of 111 samples from Lornex and Valley pits are scaled up for the 
11.2x9.5mm Axb values to the DWT size, and the JKCi results are used to identify a 
potential correlation with Bond Work Index (BWi) and Axb. The JKCi test detailed 
protocol reproduced in part from Michaux, 2009 is given in Appendix 1 which 
provides the advantage to collect the relevant information during the assay 
procedure of the drill core. This routine assay analysis allows the provision of a 
robust crushing index which can be incorporated with the key ore-forming 
parameters for processing. The findings suggest that the JKCi results show less than 
5% error on 16 samples predicting the BWi. However, the correlation with Axb is 
weak, and both predictions can be improved with the key ore-forming parameters 
which are plagioclase (Albite) and replacement of plagioclase (albite). The JKCi -
4.75mm% value appears to be important in the models, which represents a physical 
textural input. The Lornex and Valley Axb model errors are reduced from 15.2% to 
13.6% and 11.5% to 8.7% respectively relative to the universal model across both 
pits. The universal Bond relative error of 2.8% was comparable to the experimental 
error of the measurement. This provides a useful but not accurate predictive model 
for the Highland Valley copper mine.  
 
7.2.1 Recommendation for future work:  
The predictive models for mill throughput depend on many factors such as 
appropriate characterization of the ore, short and long term mine planning, blast 
design and operator of the mill. Each step is complex and adds another layer for 
predictive modelling studies. Therefore it is recommended to approach the question 
from a different angle which is discussed in chapter 6.  
The current practice is to calculate the mill throughput values through an empirical 
correlation which links mineral composition to measured mill throughput via a range 
of breakage characterization tests. This information is locked into current mill 
performance and is unreliable when extrapolated outside the calibration window – 
i.e. for new ore blends or compositions. Therefore it is suggested to model the 
distribution of rock strength instead of predicting the mill throughput. The rock 
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strength distribution of the ore deposits provides useful mechanistic information. The 
following future work is recommended;  
 
- A study initiated in rock strength distribution of HVC to compare the 
success of both models (rock strength distribution and predictive 
throughput model).  
 
7.3 Research Question 3:  
What is the relationship between key ore formation parameters and the rock 
strength measures? 
 
In this thesis, the single impact load cell is selected for rock strength measurement. 
The instrument provides the particle fracture energy, strength, and stiffness. These 
measurements can be made under impact loading similar to the conditions in 
industrial mills. Therefore, the distribution of rock strength for each domain provides 
a fundamental understanding of ore body knowledge. This novel approach allows the 
linking of particle fracture energy, strength and stiffness instead of empirical models 
correlated to mill throughput.  
 
A physical ‘composite virtual drill hole’ (CVDH) was created by combining 85 m of 
spatially separate intervals from multiple split HQ (63.5 mm diameter) diamond drill 
holes across the Los Bronces deposit. The purpose of creating a CVDH was to 
combine representative samples of the one type of lithology and dominant alteration 
with different intensities at Los Bronces into one drill hole for testing and analysis. 
The focus is to understand the relationship between hydrothermal alterations and its 
host rock. Drill core intervals were selected from pre-defined geological domains 
identified in the company database and further assessed on-site following an 
inspection of the core and consultation with mine geologists. These samples were 
taken from single lithology and alteration from different intensities incorporated with 
the single impact load cell results and the rock breakage distribution.  
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This particular lithology subject to the test work has the breakage distribution given in 
Figure 6-12, Figure 6-13, and Figure 6-16. Domain 1 and 5 represent the end 
members of that lithology. They are weak phyllic alteration and intense phyllic 
alteration respectively. As shown in the figures, the weak alteration energy 
requirement is extended to 1200 J/kg as compared to intense phyllic alteration 
energy requirement with a maximum 400 J/kg. It is confirmed that the other 
variations of the same alteration type are distributed between the end-members. The 
minicore results show significant correlation with ED50 of force to first fracture 
distribution obtained from the SILC tests. The linear correlation of both parameters 
has an R2 value of up to 0.98. It is noted that the mean value of the SILC tests is well 
correlated with the PAI instead of individual particle results. 
 
This result is a decisive answer to the research question and validation of the 
hypothesis. 
 
7.3.1 Recommendation for future work:  
 
- It is recommended to initiate a research project on developing an approach 
to developing a block model based on rock strength distribution data.  
 
- The research should be extended to the areas where the factor has 
distribution behaviour such as grade – recovery curves.  
 
7.4 Research Question 4:  
How can this information contribute to improved ore body knowledge and 
comminution performance?  
 
Over the last ten years, a research focus has been on developing integrated 
methods to improve both mining and processing, such as: ‘Mine to Mill,' ‘Mine to 
Port,' ‘Mine to Metal’, and `Geometallurgy.' These efforts and new developments in 
technology improved the ore body knowledge. 3D software, new instruments and 
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statistical approaches for incorporating the big databases provide a new era in ore 
body knowledge, mine scheduling and overall exploiting of natural resources.  
 
Current geometallurgy studies require a high budget and multiple extensive testing 
programs. However, the outcomes from these extensive efforts result in predictive 
models which mostly do not include an understanding of the primary geological 
features of the ore. Therefore, the new approach provides the advantage of working 
in energy requirement space and because of the sampling strategy; the approach 
links the primary geological features with the breakage behaviour of the ore. 
 
This study completed on phyllic alteration at two copper porphyry deposits shows 
that there is a significant correlation between the primary geological features and 
breakage behaviour of the ore. The HVC study demonstrated around a 10% error for 
the A*b model once the primary geological features represented by the key ore-
forming parameters (PAI) were incorporated. The LB study presented a new 
fundamental approach to understanding the breakage characteristics of the ore, 
focussing on the specific energy distribution of each ore type which is linked with the 
primary geological features.  
 
The methodology described in this thesis can be used in the understanding of 
specific fracture energy requirements for each selected lithology and alteration type 
that can be incorporated with ore body knowledge for further studies. The block 
model of a porphyry copper deposit has the input data of primary geological logging 
and geochemical assay results. One lithology and single alteration type should be 
selected from the block model and degree of selected alteration should be tested 
within the lithology as it is presented in the thesis. The composite virtual drill hole of 
the selected lithology is tested using the developed methodology, and the specific 
fracture energy model of the selected lithology and alteration can be determined with 
the SILC results which can be incorporated into the block model. 
 
This thesis has also shown that automated logging has potential use for defining the 
primary geological features. The investigation results gave a correlation with an R2 
value above 0.6 which needs to be improved in the future.  
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7.4.1 Recommendation for future work:  
- It is noted that rock strength distribution modelling in deposit scale should be done 
and compared with the current integrated prediction models.  
- It is recommended to initiate a research project to improve the automated logging in 
order to measure the key ore-forming parameters (degree of alteration, textural 
changes within the ore, and PAI). 
 
7.5 Addressing the hypothesis 
The hypothesis is conclusively established by data derived from the most carefully 
collected and tested samples, as shown in the graph reproduced below from Figure 
6-31. There is a linear correlation between the median particle strength and quartz 
addition and absolute plagioclase replacement; these two values are used to 
calculate the processing alteration index (PAI), providing a quantifiable index to 
relate to rock strength.  
 
Copper porphyry deposits can have very complex alteration and lithological 
variations; multiple porphyritic intrusions and alteration stages may exist, and it may 
become even more complex depending on the tectonic regime where the deposit is 
located. This study clearly presents the importance of primary geological features, its 
recognition by geologists and capturing this key information to link with rock strength 
and breakage behavior of the ore.  
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Figure 7-1: Controlled shaped particles (minicore) SILC results vs. PAI 
(calculated using QXRD results) 
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Abstract  
Approximately two thirds of the world’s copper come from porphyry deposits. These deposits have 
many distinct attributes, including multiple events in their formation, which affect the reaction series 
between the hydrothermal fluid and its host rock. This, in turn, defines the alteration and main 
causes of ore formation. Many porphyry copper deposits are hosted in quartz-feldspar porphyries, 
where the alteration-mineralization is zoned from barren early sodic-calcic, through potentially ore-
grade potassic, chlorite-sericite, and phyllic, to advanced argillic. Chalcopyrite ± bornite 
mineralization in many porphyry copper deposits is largely confined to potassic zones (Sillitoe, 
2010).  This paper discusses the initial development of a Process Alteration Index (PAI) that 
focuses on understanding the formation of porphyry copper mineralisation and supports predictive 
comminution and metallurgical modelling studies. The PAI can be determined using analytical 
techniques and focuses on the role of plagioclase and quartz during porphyry deposit formation.  
Samples from the Highland Valley Copper Mine in British Columbia were selected from a single 
lithology which displayed a range of degrees of alteration advancing from weak to intense. The 
samples were analysed using X-ray Diffraction Analysis (XRD) with Rietveld refinement, and the 
ore hardness determined using the Julius Kruttschnitt Rotary Breakage Tester (JKRBT).  A 
relationship between key alteration parameters which underpin copper ore formation and the ore 
hardness was observed in the limited dataset available for this research, and further work is 
recommended to determine whether this relationship could be  used in predictive mill throughput 
modelling studies.  
 
Keywords: Processing alteration index, predictive modelling, copper, porphyry, ore-forming 
system, geometallurgy 
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1. Introduction  
Porphyry copper deposits are well known as the world’s primary source of copper, and many also 
contain important sources of molybdenum and gold.  Some of these deposits are gigantic, with 
several deposits of over 1 billion metric tons with ore grades greater than 0.5% copper; e.g. 
Bingham Canyon in Utah, USA; Collahuasi, Chuquicamata, La Escondida, El Teniente, Los 
Bronces in Chile.  These deposits are formed in association with subduction-related magmas and 
are found sporadically in magmatic arcs worldwide.  Their formation involves the exsolution of 
metalliferous and sulphur rich hydrothermal fluids from calc-alkaline arc magma, and deposition of 
ore minerals in response to fluid phase separation, cooling, wall-rock reaction, and mixing with 
external fluids (Richards, 2003).  This deposition process occurs mostly in igneous and volcanic 
lithologies, and more than 50% of the world’s porphyry copper deposits are hosted by quartz  
feldspar porphyry (QFP) as shown in Figure 1. 
 
Figure 1: Lithology distribution of the world Cu Porphyries 
*modified from 2010 USGS Database (USGS, copper porphyry deposit model, 2010).  
The general mineralogical composition of quartz feldspar porphyry (hereafter referred to as the 
“original form”) consists of quartz, plagioclase, potassium feldspar, hornblende, and biotite. In ore- 
forming systems the mineralisation is complimented by chalcopyrite, bornite, and other secondary 
copper minerals, with accessory pyrite, magnetite, apatite, and other minerals. In porphyry 
deposits, these mineral assemblages are replaced by alteration minerals such as quartz, 
potassium feldspar, illite, kaolinite, sericite, chlorite, dickite, biotite, calcite, zunyite and other 
minerals, in accordance with a chemical reaction series (hereafter referred to as the “alteration 
form”). Put simply the copper minerals are introduced during the changes from the “original” to the 
“alteration” forms. Table 1 (after Sillitoe 2010) summarizes the key geological and mineralogical 
characteristics of the main alteration types of copper porphyry deposits and Figure 2 shows the 
location of these alteration zones in a typical porphyry copper deposit. The main ore contributor 
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alteration types are listed as 1 to 4 and in Table 1, and the expected processing behaviour of such 
alteration types are noted. The rock which has undergone potassic alteration is harder than other 
ore contributor alteration types and the effect of this on the mill throughput is high. This same 
degree of alteration has consistent and non-complex copper mineralogy and therefore the 
expected effect on flotation is low. In general, porphyry copper deposits which have undergone 
potassic alteration exhibit low mill throughput and high flotation recovery. Advanced argillic 
alteration has mainly soft clay minerals, and therefore the expected effect on mill throughput is low 
while the more complex copper mineralogy, with various alteration minerals, is expected to have a 
greater, deleterious effect on flotation.   
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Table 1:  Characteristics of principal alteration-mineralization types in porphyry copper systems, modified from Sillitoe, 2010. 
 
 
 
 
 
Alteration Type Position in system Principal Sufide assemblages Expected Effect  Expected effect
(alternative name) (abundance) (minor) on Mill Throughput on Flotation
1 Potassic (K-silicate)
Core zones of porphyry Cu 
deposits
Biotite, K-feldspar
Pyrite,chalcopyrite, bornite, 
digenite and chalcocite
Main ore 
contributor
High Low
2
Chlorite-Sericite 
(sericite-clay-
chlorite)
Upper parts of porphyry Cu core 
zones 
Chlorite, sericite/illite, 
hematite
Pyrite, chalcopyrite
Common ore 
contributor
Moderate Moderate
3 Sericite (phyllic)
Upper parts of porphyry Cu core 
zones 
Quartz, sericite
Pyrite, chalcopyrite, enargite, 
tennantite, bornite, 
sphalerite
Weak to moderate 
ore contributor
Moderate Modarete
4 Advanced Argillic
Above porphyry Cu deposits, 
constitutes lithocaps
Quartz, alunite, pyrophyllite, 
dickite, kaolinite
Pyrite, enargite, chalcocite, 
covellite
Locally constitutes 
ore 
Low High
5 Propylitic
Marginal parts of systems below 
lithocaps
Chlorite, epitode, albite, 
carbonate 
Pyrite, sphalerite, galena
Barren, unlikely be 
ore grade
N/A N/A
6 Sodic-calcic
Deep, including below porphyry 
Cu deposits (uncommon)
Albite/oligoclase,actinolite, 
magnetite
Typically absent
Barren, unlikely be 
ore grade
N/A N/A
Economic PotentialKey Minerals
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Sillitoe (2010) describes the structure of porphyry copper deposits as follows: “the volumes 
of the different alteration types vary markedly from deposit to deposit. The phyllic alteration 
may project vertically downward as an annulus separating the potassic and propylitic zones 
as well as cutting the potassic zone centrally (as shown in Figure 2). Phyllic alteration tends 
to be more abundant in porphyry copper-molybdenum deposits, whereas chlorite-sericite 
alteration develops preferentially in porphyry copper-gold deposits. Alteration-mineralization 
in the lithocap is commonly far more complex than shown, particularly where structural 
control is paramount”. Hydrothermal alteration is extensive and typically zoned both on a 
deposit scale and around individual veins and fractures. The alteration is defined by the 
following mineral associations: potassic zone (1) characterized by biotite and/or potassium-
feldspar (± amphibole ± magnetite ± anhydrite), an outer zone of chlorite – sericite (2) that 
consists of (quartz + sericite + chlorite + pyrite) and the outermost zone is propylitic 
alteration (5) that consists of quartz, chlorite, epidote, calcite and, locally, albite associated 
with pyrite. Porphyry deposits may also include zones of phyllic alteration (3) (quartz + 
sericite + pyrite) and advanced argillic alteration (4) (quartz + illite + pyrite ± kaolinite ± 
smectite ± montmorillonite ± calcite) and lastly zones of sodic-calcic alteration (6) 
consisting of (albite + calcite + oligoclase + actinolite).  
 
 
Figure 2: Generalized alteration-mineralization zoning pattern for telescoped porphyry 
copper deposits, based on the host geology and deposit-style (summarized from Sillitoe, 
2010).  
 
 
 
 
 
 
Appendices 
243 
 
2. Alteration Indices 
Alteration indices using oxide and molecular ratios were first introduced by Ishikawa et al. 
(1976), Spitz and Darling (1978), and Saeki and Date (1980). Mass balance calculations 
were also used (Gresens, 1967; Kranidiotis and MacLean, 1987; Pearce, 1968; MacLean, 
1990), element ratios have been tentatively applied (Stanley and Madeisky, 1994). In a more 
recent study, Piche and Jébrak (2004) used five fundamental mineral forming rules based on 
a whole rock analysis technique.  
The Alteration index proposed by Ishikawa et al. (1976), measures the alteration intensity by 
using the whole rock chemical analyses and represent the degree of alteration in terms of 
the relative depletion of alkali elements using the following equation: 
Alteration Index  =                                         (1) 
The potassium oxide and magnesium oxide quantities increase, whereas sodium oxide and 
calcium oxide content decrease based on the alteration intensity and the index, reaches 100 
when alteration intensity is at its maximum.    
The approach proposed by Piché and Jébrak (2004) is a normative technique (Normat) that 
quantifies hydrothermal alteration of rock in metamorphic terranes using normative mineral 
ratios.  The technique was developed for the volcanogenic massive sulphide (VMS) 
exploration and is sensitive to alkali element depletion associated with hydrothermal 
alteration; Normat uses five petrologic rules which are listed in order of priority: 
6. Silica saturation is increased, 
7. Divergent and reversed Bowen series are used for calculations, 
8. Mineral assemblages are calculated according to Greenschist facies,  
9. Calculations are done according to VMS – type hydrothermal alteration, 
10. Virtual CO2 ratio estimated and normative carbonate minerals are calculated.  
Previous indices have been developed for the use of exploration, and their focus was 
developing a systematic approach to finding new mineral resources based on the alteration 
zonation. This paper proposes an index based on understanding the link between the 
original form and altered form of porphyry copper deposits, through which key parameters 
can be defined which may lead to predictions of breakage and metallurgical response. The 
approach will be extended to other alteration types which are economic ore contributors.  
This paper discusses the potential for an effective and practical Process Alteration Index 
(PAI) that focuses on understanding the formation of porphyry copper ores.  The basis for 
this index has been investigated here, and the concept will be developed further in future 
work to support predictive breakage and metallurgical modelling studies.  
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3. Methodology 
Recent developments in integrated studies between ore variability and mineral processing 
have driven the need to understand the ore variability better as a means to maximise the 
value from the ore. As a result, existing methodologies are now being adapted to incorporate 
geological and metallurgical databases, with the aim of linking ore mineralogy to 
comminution and beneficiation performance. However, the current developments are driven 
by statistical correlations rather than a fundamental and mechanistic understanding. This 
paper aims to show that there is a fundamental mechanistic relationship between 
mineralogy, ore hardness and breakage by focussing on mineral proportion and texture 
changes caused during ore formation in a porphyry copper deposit.   
The PAI focuses on what has been lost in the system, rather than which new minerals were 
formed subsequent to the deposition of the minerals of economic interest. The advantage of 
this approach is that it avoids the need to define the complex alteration minerals.  
The PAI calculation takes into account the role of plagioclase and quartz during the 
formation of the porphyry copper system. The three key conditions are: 
4. Sodium-feldspar (plagioclase) is always replaced by alteration minerals, 
5. Quartz is always added to the system either as quartz veins and/or through the 
replacement of other minerals, 
6. The original quartz in the rock is never replaced by the other minerals. 
This approach effectively incorporates the variability of lithology, subsequent alteration and 
copper mineralisation processes. Thus plagioclase replacement is given by: 
           
                  
         
      (2) 
moreover, relative quartz addition by: 
          
                 
         
     (3) 
Where Plg = Plagioclase content; Qtz = quartz content; Org = denotes mineral content of the 
host rock (original); Alt = denotes mineral content of the ore (after alteration). 
The conceptual replacement processes that occur during the formation of a porphyry copper 
system are illustrated in Figure 3. Before any mineralization takes place, the original form (at 
time 0) of the quartz feldspar porphyry (QFP) used in this research contains approximately 
52% plagioclase and 29% quartz. Then hypothetically, the alteration and copper deposition 
processes commence. Time 1 (t1) represents weak alteration, with rock that now contains 
less plagioclase and more quartz, specifically 39% plagioclase and 35% quartz. This shows 
that a quarter of the plagioclase in the original rock was replaced by alteration minerals and 
correspondingly the quartz content was increased relative to the original amount, in this case 
by quartz veining. When the alteration is highly intense as at t4, the original rock texture has 
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been destroyed; there is a complete depletion of plagioclase and a significant increase in 
quartz content. If the hydrothermal alteration continues then ultimately, the QFP is 
completely replaced by quartz as shown at time t5 in Figure 3. 
 
Figure 3: Conceptual Process Alteration Index (PAI) calculation for copper +- gold porphyry 
deposits. 
In order to test equations 2 and 3, nine samples were carefully selected from the Highland 
Valley Copper mine in Kamloops, British Columbia. The samples were collected from a 
single lithology which displayed different degrees of phyllic alteration, starting from weak and 
advancing to intense alteration. One sample consisted of only vein quartz in order to 
demonstrate the conceptual model given in Figure 3. The host rock at Highland Valley 
Copper mine is called the Bethsaida Quartz Feldspar Porphyry and contains 52.1% 
plagioclase, 29.4 % quartz, 10.6% orthoclase, 6.3% biotite and 0.4% hornblende and 1.2% 
others (McMillan, 1976). 
To characterise the mineralogy of the samples X-ray diffractometer (XRD) analyses were 
performed with the Rietveld refinement used to estimate the mineral proportions. A 
laboratory-scale test was required to measure the ore hardness and in this study, the JKRBT 
device, developed by the Julius Kruttschnitt Mineral Research Centre (JKMRC), was 
selected to define the rock breakage characteristics in terms of A*b values (Shi et al. 2009). 
A and b are unitless values, and they are known as the ore impact parameters calculated 
from the drop weight test (Napier-Munn et al., 1996). The comminution behaviour of the ore 
was characterised using the JKRBT device which is an impact breakage test which 
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estimates ore hardness properties required for modelling autogenous and semi-autogenous 
milling of the ore.  The JKRBT testing was performed in duplicate on the -11.2 +9.5 mm size 
fraction of the ore.  The XRD analysis using Rietveld refinement and JKRBT testing were 
performed on the samples at Teck Resources Ltd.’s Applied Research Technology in Trail, 
Canada. 
7. Results and Discussion  
4.1 Ore characterization analyses and JKRBT results 
The mineral contents of the nine samples obtained from the XRD study are given in Table 2 
(ART/HVC project database, 2010), together with the measures of ore hardness obtained 
from the JKRBT device. Note that the increasing values of the JKRBT A*b parameter 
indicate decreasing hardness in the sample.  
Table 2: Comparison of the bulk mineralogy (XRD Rietveld) and alteration type and together 
with JKRBT results for nine samples taken from the Highland Valley Copper Mine, British 
Columbia, Canada. 
 Mineral Phase Sample ID 
 CS1 CS2 CS3 CS4 CS5 CS6 CS7 CS8 CS9 
M
in
e
ra
l 
p
ro
p
o
rt
io
n
s
 
fr
o
m
 X
R
D
 R
ie
tv
e
ld
 (
w
t 
%
) 
Quartz 31.3 30.0 38.5 36.0 39.6 57.5 71.0 64 86 
Sericite 1.7 1.0 2.4 14.0 3.1 6.1 7.9 19 3.8 
CO3 Group 1.26 1 0.1 1.7 1.7 2.8 1.6 0.6 0.5 
Orthoclase 8.7 13.1 11.0 4.5 9.9 5.6 8.4 0 0 
Cu Sulphides 0 0 0.5 1.6 0.3 0.3 0.4 4.8 6 
Amphibole 3.9 2.6 3.8 6.5 1.5 2.4 2.7 6.4 1.9 
Plagioclase 47.4 46.4 35.4 31.0 32.2 23.7 1.4 0.0 0.0 
Kaolinite/Illite 0.7 0.0 0.3 1.2 6.4 0.0 2.0 5.3 0.3 
Geologist’s 
Observation
1
 Weak 
PHY 
Weak 
PHY 
Weak 
to 
Mod 
PHY 
Mod 
PHY 
Mod 
PHY 
Mod to 
Intense 
PHY 
Intense 
PHY 
Intense 
PHY 
QTZ 
VEIN 
JKRBT A*b Results 38.1 39.5 52.8 64.5 66.4 78.8 107.9 140.8 81.7 
1 PHY = Phyllic Alteration (3) 
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a. PAI calculation  
Equations 2 and 3 were used to calculate the PAI both for plagioclase replacement and 
quartz addition. Figure 4 shows the correlation between the amount of quartz added to the 
system, and the amount of plagioclase replacement occurring. The phyllic and argillic 
alteration can be calculated using the key parameters are defined in this paper.   
 
Figure 4: PAI calculation on nine samples collected from Highland Valley Copper Mine, BC 
Canada. 
Table 3 lists the PAI results alongside the geologist’s observations of the degree of 
alteration. As can be seen in the weakly altered samples CS1 and CS2 9% and 11% of the 
plagioclase has been replaced while the quartz content increased by 6% and 2% 
respectively. When the sample is intensely altered, there is almost no plagioclase left and 
the amount of quartz is significantly increased. For example, the intense alteration in 
samples CS7 and CS8 shows that 97% and 100% of the plagioclase was replaced by 
alteration minerals and the quartz content increased by around 141% and 118% 
respectively. In absolute terms, the original quartz content was 29%, and it increased to 
approximately 64%. 
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Table 3: ‘Relative Quartz addition’ and ‘Plagioclase replacement’ ratio with the geologist 
observation. 
Sample 
ID 
Plagioclase 
Replacement 
Relative Quartz 
Addition  
Geologist 
Observation 
CS1 -9 6 Weak PHY 
CS2 -11 2 Weak PHY 
CS3 -32 31 
Weak to Mod 
PHY 
CS4 -40 22 Mod PHY 
CS5 -38 35 Mod PHY 
CS6 -55 96 
Mod to 
Intense PHY 
CS7 -97 141 Intense PHY 
CS8 -100 118 Intense PHY 
CS9 -100 193 QTZ VEIN 
 
4.3. Application of the Process Alteration Index (PAI) for predictive breakage & 
metallurgical modelling for porphyry copper deposits 
To generate a breakage prediction model which applies to copper (+-gold) porphyry 
systems, the model must identify the methods needed for evaluating and characterizing 
alteration, ore textures, mineralogy, rock type and hardness using simple, cost effective and 
objective tests.  Ultimately these characteristics will be correlated, with mill throughput and 
metallurgical response, in a manner that can be incorporated into the resource block model 
and eventually into the mine plan.  
Mill throughput depends on a range of parameters such as the diameter and length of the 
mill, speed, ball load, feed size distribution, specific gravity, the specific power required for 
size reduction, and ore characteristics. These parameters can be measured accurately, the 
exception being ore characteristics such as the amount of alteration minerals, and the meso- 
and micro-scale ore textures, which may have a subjective component and/or higher error 
compared to the other parameters. This difficulty in ore characterization results from the poor 
structural order of many clay species, the presence of lamellar intergrowths and often poorly 
characterized mixed layers, and the lack of suitable standards (Minichelli, 1982). 
The test samples were taken from weak to intensely altered ore and represented a wide 
range of hardness values.  As shown in Table 2 the JKRBT reported A*b values of 38 to 
141, from hard to soft ore, respectively. Figure 5 illustrates the change in ore hardness with 
a degree of alteration, with low A*b values (indicating relatively hard rock) for weakly altered 
rock and higher A*b values (indicating softer rock) for intensely altered rock. 
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Figure 5: JKRBT results from the test samples in Table 2 and which indicate a wide range of 
hardness values, from hard to soft ore.  
The replacement of plagioclase and the addition of quartz as alteration processes were 
previously proposed as key parameters needed to develop a practical PAI for porphyry 
copper deposits. The relationship between feldspar replacement and relative quartz addition 
and JKRBT A*b values is given in Figures 6a and 6b. The A*b values of weakly altered ore 
were lower than 50 while, the A*b values of the intensely altered ore were approximately 
140. For this limited data set the relationship between plagioclase replacement and the 
JKRBT result is stronger (R2=0.94) than the relationship between relative quartz addition and 
the JKRBT (R2=0.79). The pure quartz vein sample reported an A*b value of 81. This vein 
sample has no direct correlation with the samples but is provided to represent the end point 
of the transformation of host rock through intense alteration to the point that the original 
texture is completely replaced and the chemical composition of the rock is significantly 
changed.  
According to a study by Casselman et al. in 1995, the weak phyllic alteration corresponded 
to approximately 900 tonnes per hour mill throughput at the Highland Valley grinding circuit. 
However, in the same study, the moderate to strongly phyllic altered ore allowed 
approximately 1500 tonne per hour mill throughput. These mill throughputs support the idea 
of a possible link between the proposed process alteration index (PAI), and the rock 
breakage parameters and mill throughput.  
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Figure 6: The relationship between JKRBT A*b and a) plagioclase replacement, b) quartz 
addition.   
The results obtained from this limited data set indicate the importance of measuring 
mineralogy and hardness as accurately as possible and defining the key parameters of ore 
formation.  They support the importance of a fundamental understanding of ore formation for 
improved predictive hardness modelling. In the transformation of the original form of the QFP 
rock to copper ore, there is the development of complex mineral structure, texture and grain 
size relationships that increase the difficulties for predictive geometallurgical modelling 
studies.  This limited study demonstrates the potential use of PAI, and further studies are 
recommended to validate the index.   
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4. Conclusion 
This paper discussed the development of the Process Alteration Index (PAI) incorporating an 
understanding of the formation of porphyry copper mineralisation that supports predictive 
comminution and metallurgical modelling studies. This approach specifically focuses the key 
role of plagioclase and quartz in the alteration and replacement process.  The understanding 
comes from two primary observations, firstly the measurement of what has been lost in the 
system rather than the new minerals formed, since these are hard to quantify, and secondly 
the percentage of other minerals that have been replaced by quartz. The plagioclase 
replacement in phyllic and argillic alteration has an essential role in linking geological 
variabilities to mineral processing, and the limited testing indicates that the overall correlation 
between plagioclase replacement and the JKRBT result is higher (0.94) than the correlation 
between of relative quartz addition and JKRBT result (0.79). The decomposition and 
transformation of the rock to the ore develops a complex mineral structure, texture, grain 
size relationship which needs to be considered, especially when working on highly altered 
ore for predictive geometallurgical modelling studies. The approach proposed in this paper 
may provide the following advantages over conventional approaches: 
 The methodology can be widely used for porphyry copper (+- gold) deposits. 
 It avoids the difficulties in quantifying complex alteration minerals using available 
mineral quantification techniques (XRD Rietveld, MLA, and XRF). 
 Both lithology and alteration variability are considered in the definition. 
 It supports the development of predictive processing models which consider a 
fundamental geological approach.  
Introducing the key ore-forming parameters to mineral processing and relating the 
processing performance to the degree of alteration is a novel idea. This study was 
completed with a limited number of tests in order to explore the idea and further work is 
needed to validate and develop predictive processing models for detailed mill throughput 
and flotation performance 
 
Acknowledgements 
 
The authors would like to thank staff at Teck Resources Ltd., particularly Nichola McKay, 
Section Leader of the Mineralogy Department of Applied Research & Technology (ART),  
Martin Lapointe, Advanced Projects Manager of Exploration, Chris Dechert  General 
Manager of Highland Valley Copper mine, and the mine and mill staff at the Highland Valley 
Copper Mine, British Columbia, Canada, for their support and the opportunity to write this 
article.   Thanks are also extended to Dr. Toni Kojovic, JKMRC for his technical support and 
Dr. Peter Holtham and Karen Holtham for internal reviews. 
Appendices 
252 
 
References  
Applied Research Technology / Highland Valley Copper Mine mill throughput modelling 
research database, not published, Teck Resources Limited, 2010.  
Casselman, M.J., McMillan, W.J, Newman K.M., 1995. Highland Valley porphyry copper 
deposits near Kamloops, British Columbia: A review and update with an emphasis on the 
Valley deposit. CIM Special Volume 46, 162 – 191.  
Gresens, R.L., 1967. Composition– volume relationships of metasomatism. Chemical 
Geology 2, 44 – 65. 
Ishikawa, Y., Sawaguchi, T., Iwaya, S., Horiuchi, M., 1976. Delineation of prospecting 
targets for Kuruko deposits based on modes of volcanism of underlying dacite and alteration 
haloes. Mining Geology 26, 105 – 117 (in Japanese with English abstract). 
Kranidiotis, P., MacLean, W.H., 1987. Immobile elements as monitors of mass transfer in 
hydrothermal alteration: Phelps Dodge massive sulphide deposit, Matagami, Quebec. 
Economic Geology 82, 951– 962. 
McMillan W.J. and Panteleyev, A. 1976. Ore Deposit Models. Geoscience Canada, Reprint 
Series 3. 7, 2. 
MacLean, W.H., 1990. Mass change calculations in altered rock series. Mineralium Deposita  
25,  44– 49. 
Minichelli D., 1982. The quantitative phase analysis of clay minerals by X-ray diffraction: 
Modern Aspects of Industrial Routine Control, Clay Minerals,17, 401-408.  
Moyle, A.J., Doyle, B.J., Hoogvliet, H. and Ware, A.R., 1990. Ladolam gold deposit, Lihir 
Island; in Hughes, F.E., ed., Geology of the Mineral Deposits of Australia and Papua New 
Guinea: The Australasian Institute of Mining and Metallurgy, Melbourne, 1793-1805. 
Napier-Munn, T.J., Morrell, S., Morrison, R.D., and Kojovic, T., 1996. Mineral Comminution 
Circuits: Their Operation and Optimisation. sixth  ed. JKMRC, Brisbane, Australia. 
Pearce, T.H., 1968. A contribution to the theory of variation diagrams. Contributions to 
Mineralogy and Petrology 19, 142–157. 
Piché, M., Jebrak, M., 2004. Normative Mineral and Alteration Indices Developed for Mineral 
Exploration, Journal of Geochemical Exploration 82,  59-77. 
Richards J.P., 2003. Tectono-magmatic-precursors for porphyry Cu-(Mo-Au) deposit 
formation, Economic Geology 98, 1515 – 1533. 
Saeki, Y., Date, J., 1980. Computer application to the alteration data of the footwall dacite 
lava at the Ezuri Kuroko deposits, Akita prefecture. Mining  Geology 30,241– 250 (in 
Japanese with English abstract). 
Shi, F.N., Kojovic, T., Larbi-Bram, S., Manlapig, E., 2009. Development of a rapid particle 
breakage characterisation device – The JKRBT. 22,  602-612. 
Sillitoe, R.H., 2010. Porphyry copper systems, Economic Geology 105, 3-41 . 
Appendices 
253 
 
Spitz, G., Darling, R., 1978. Major and minor element lithogeochemical anomalies 
surrounding the Louvem copper deposit, Val d’Or, Quebec. Canadian Journal of Earth 
Sciences 15, 1116–1169. 
Stanley, C.R., Madeisky, H.E., 1994. Lithogeochemical exploration for metasomatic zones 
associated with hydrothermal ore deposits using the Pearce element ratio analysis., in Lentz, 
D.R. (ed.), Alteration and alteration processes associated with ore-forming systems. 
Geological Association of Canada Short Course Notes 11, 193–211. 
USGS / Porphyry Copper Deposit Model database, Scientific Investigation Report 2010-
5070-B, 2010.  
 
 
 
 
  
Appendices 
254 
 
Appendix 2 - JK COMMINUTION INDEX (JKCI) VALIDATION 
REPORT PREPARED FOR TECK METALS LIMITED 
(YILDIRIM, 2012). 
 
A series of JK Comminution Index (JK Ci) tests were conducted to evaluate the 
suitability of the in-house Denver jaw crusher for this test and to increase our 
capability in hardness measurement.   
 
Six separate rock types were used in this study, including one sample from Red Dog 
and five from Highland Valley Copper.  Replicate samples were sent to external 
laboratories for comparative / validation analysis. The external laboratories were 
Julius Kruttschnitt Mineral Research Centre (JKMRC), ALS Chemex and Global 
Discovery Laboratory (GDL).  The testing was performed using Jacques, Boyd, and 
Terminator jaw crushers.    
 
Based on this initial study, the Denver jaw crusher was shown to be suitable for Ci 
testing.  The test results compare favourably with JKMRC and ALS Boyd Crusher 
results, with a mean difference of 2%. This study developed key experience in 
performing the JK Comminution Index Test, from sample preparation to data 
analysis.  The test results also suggest that the JK Comminution Index is repeatable 
between duplicates and shows a relationship to alteration intensity.   
 
Additional testing is needed to improve confidence in repeatability and establish 
relationships between hardness, ore type, and alteration intensity.  A portion of this 
testing is currently underway as part of the in-house HVC geometallurgy program. 
Exploration and mining geology groups of Teck should be encouraged to include the 
JK Ci test into their assay preparation protocols, as it can add significant value for 
domaining rock and potentially predicting mill throughput.  
 
Background 
The JK Comminution Index test was developed as part of the AMIRA P843 
Geometallurgy Project.   It has been shown to have significant potential as a 
comminution domaining tool that can be inserted into routine sample preparation 
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within commercial assay laboratories [Michaux, 2007].  The JK Ci is a comparative 
small scale comminution test that is useful for ranking the breakage behaviour of 
rock and is indicative of comminution parameters like the Bond Work Index (BWi). 
The test can be performed quickly and cheaply using a very small volume of rock, 
ideally 2 m intervals of half split core, for large numbers of samples [Michaux, 2009].  
The JK Comminution Index is a simple test but requires experimental rigour. The test 
involves crushing drill core fragments in a jaw crusher that has been adjusted to a 
specified Closed Side Setting (CSS). This CSS is adjusted in a fashion dependent 
on the drill core geometry. The setting reflects a trade-off where the crusher gap is 
small enough to create sufficient fines but large enough to produce fragments of 2-3 
mm in size. Both are important in diagnosing breakage parameters [Michaux, 2009]. 
The JK Comminution Index test is still under development.  In 2006-2008 the 
JKMRC collaborated with the ALS Chemex Orange Laboratory (Australia) and 
provided the necessary procedures and training for the laboratory to perform the Ci 
test. During the P843 program, the ALS Chemex Orange lab ran over thirteen 
thousand Ci tests on Cadia East drill core for Newcrest Mining.  The ALS Orange 
Chemex Laboratory in Australia now offers the JK Ci test on a commercial basis, and 
ALS Chemex has considered implementing the Ci test methodology in other ALS 
Chemex Laboratories around the world. 
 
The JK Comminution Index has shown the following strengths:  
 Reproducibility in rock breakage behaviour 
 A positive correlation to Bond Wi  
 Ease of insertion into an existing chemical assay procedure stream  
 Use in the preparation stage for other tests, such as RBT  
 Potential as a domaining tool to rank the strength of rock types  
 Applicability as a part of geometallurgical spatial modelling  
 Speed and low cost 
 
The test was designed to be used for the split core of different sizes. If the whole 
core is tested, a preliminary crush must be done to break the sample into smaller 
fragments in a manner that produce breakage at the same strain rate. Natural rock 
fragments, such as blasted ore, bench or outcrop samples can also be tested by 
adjusting the CSS based on the feed size. According to preliminary test practices for 
Appendices 
256 
 
the study, JK Ci test can be completed in 3 hours, and the estimated cost is about 
300 C$ per test. 
 
JKMRC is still working to improve Ci test reproducibility and its correlation with 
conventional hardness tests such as Bond Work Index and Axb.  Although under 
development, it is still considered to be a robust low cost, time effective and 
repeatable hardness measuring technique. 
 
Objectives 
The primary objectives of this study were to: 
 Investigate the in-house application of the JK Comminution Index test using 
the laboratory Denver Jaw Crusher  
 Validate the in-house JK Ci testing by submission to independent laboratories 
 Develop in-house competence in JK Ci testing, from sample preparation to 
data analysis, so that it can be used as a domaining tool for geometallurgy 
research programs. 
Secondary objectives of this study were to: 
 Investigate JK Ci test reproducibility using different ore types and jaw crusher 
designs. 
 Investigate JK Ci test repeatability using different size fraction samples.   
 
Details 
Procedures 
Six distinct ore samples, including one from Red Dog and five from Highland Valley 
Copper (HVC), were selected for the Ci analysis.  Details are given in Table 1.   
The samples were split for replicate analysis at and then sub-sampled to provide 
duplicate cuts for testing at JKMRC, ALS Chemex Australia, and GDL.  The Red Dog 
Sample was taken from Stockpile 294 and Highland Valley Copper samples were 
collected from both Valley and Lornex pits. The samples from Valley pit were taken 
at bench 755 and 1070 and tested at two different size fractions.  The samples from 
the Lornex pit were collected from bench 1185 and represented clay – sericite 
alteration but with different alteration intensities. 
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Table 1: JK Comminution Index Sample Details   
Lo
ca
ti
o
n
 
Sa
m
p
le
 ID
 
Test ID Size Fraction (mm) 
Laboratory Crusher 
ART JKMRC ALS GDL 
Denver Jacques Boyd Boyd Term. 
R
ed
 D
o
g 
 
1
 
SP 294a 
-26.5 /+22.4  
x 
    SP 294dup1 x 
    SP 294dup2 x x  
   SP 294dup3 x 
 
X 
  
 
 
       
V
al
le
y 
2 
V755a -26.5 /+22.4  x X 
  
 x 
V755adup -26.5 /+22.4  x 
 
X 
  V755b -31.5 /+26.5  x X 
     
       
V
al
le
y 
3 
V1070a -26.5 /+22.4  x X 
   V1070b -31.5 /+26.5  x X 
 
x 
 
 
 
       
Lo
rn
ex
 
4
 
L1185weak -26.5 /+22.4  x 
 
X 
   
       5
 
L1185mod -26.5 /+22.4  x 
 
X 
   
       6
 
L1185intense -26.5 /+22.4  x 
 
X 
   
A summary of the JK Ci test procedure flow sheet is given in Appendix A.  Testing 
was performed as per Michaux [2009] JK Ci manual which is given in Appendix B.  
The five main JK Ci testing steps are summarized below:   
 
1. Sample Preparation / Sizing:   
All test samples were coarsely crushed using the CR 2363 Denver jaw crusher 
(feeder opening is 156 x 135 mm) and classified using Tyler screens.  Feed test 
fractions of -31.5/ +26.5 mm and/or -26.5/ +22.4 mm were selected for study based 
on sample availability.  The products from the Ci test were used in subsequent RBT 
testing.   
 
This initial size reduction step is only required for natural rock fragments or full drill 
core. The JK Ci test can be performed on any size of drill core (PQ, HQ, BQ, NQ, 
and AQ) or natural rock fragments sized -63 mm to +19 mm. 
 
2. Crusher CSS Setup:  
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The CR 2867 Denver jaw crusher ( feeder opening is 118 x 78 mm) CSS was 
adjusted to 11.6 mm for the -31.5/ +26.5 mm test fraction and 9.7 mm for the -26.5/ 
+22.4 mm test fraction. The set CSS sizes were able to produce a 2.5:1 reduction on 
the selected feed size fractions and CSS was calculated dividing the average feed 
size fraction by 2.5. 
 
The CSS needs to be set accurately to generate identical breakage circumstances 
for all samples. To set the gap, an aluminium foil test is performed.  In this test, an 
aluminium foil ball is dropped into the crusher while it is running and will be 
compressed to the size of the CSS. The compressed aluminium is then measured 
with Vernier Callipers to determine its thickness. This test is repeated ten times 
before starting the JK Ci test. The foil measurements must match with targeted CSS 
size. 
 
3. Crushing:  
Fifty rock pieces were used for each of the Ci tests. The rock pieces were dropped, 
one at a time, through the Denver jaw crusher. Experience at JKMRC has shown this 
to be an acceptable number to provide adequate data for calculating the JK 
Comminution Index [Kojovic, 2009].   
 
4. Sieving:  
The crushed material was screened initially at 4.75 mm.  The undersize material was 
further sieved using a defined size screen set [Michaux, [2009] based on feed size.  
A screen set of 3.35, 1.70, 1.18, 0.60, 0.295, 0.150 and 0.106 mm was used for the 
current study. 
 
5. JK Ci Calculation:  
The size distribution data was entered into JK Ci test software provided by Kojovic 
[2009] and the JK Comminution Index calculated based on size distribution, CSS 
and feed size. 
 
Test Results 
Test results are given in Table 2. 
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The jaw crushers used at each laboratory were as follows: Denver, Jacques at 
JKMRC, Boyd at ALS Chemex Orange and JKMRC and Terminator jaw crusher at 
Global Discovery Laboratory (GDL). Details of the different types of jaw crusher are 
given in Appendix C. 
 
Table 2:  JK Comminution Index test results 
Lo
ca
ti
o
n
 
Sa
m
p
le
 ID
 
Test ID 
JK Ci Value (dimensionless) % difference 
ART 
Denver 
JK Ci 
Jacques 
(i) 
JK Ci 
Boyd 
(ii) 
ALS 
Boyd 
(iii) 
GDL 
Term. 
(iv) (i) (ii) (iii) (iv) 
R
ed
 D
o
g 
1 
SP 294a 3.46 
        SP 294dup1 3.18 
        SP 294dup2 3.90 3.46 
   
12.7 
   SP 294dup3 3.82 
 
3.88 
   
1.5 
  
 
 
          
V
al
le
y 
2 
V755a 2.76 2.46 
  
2.88 12.2 
  
4.2 
V755adup 2.55 
 
2.46 
   
3.7 
  V755b 2.60 2.29 
   
13.5 
     
          
V
al
le
y 
3 
V1070a 3.92 3.07 
   
27.7 
   V1070b 3.75 3.34 
 
3.78 
 
12.3 
 
0.8 
 
 
 
          
Lo
rn
ex
 
4
 
L1185weak 3.25 
 
3.19 
   
1.9 
   
          5
 
L1185mod 3.83 
 
3.90 
   
1.8 
   
          6 L1185intense 4.19 
 
4.13 
   
1.5 
  Mean Difference 3.4 3.8 2.9 15.7 
 
The data set for this study is limited, but initial test results have been promising.  
Additional Ci testing will be completed under the HVC geometallurgy project. The JK 
Ci index changes from low to higher number represent hard to soft ore respectively, 
and the softest ore in this study was rated 4.19 which was collected from intense 
clay – sericite alteration from bench 1185 at Lornex pit.  
 
JKMRC proposed an acceptable upper limit of 10% difference between Ci test 
results on natural fragment samples and 3% for core samples [Kojovic, 2009]. In this 
study, the difference between the Denver and JKMRC Boyd Crusher Ci results 
ranged from 1% to 4%, with a mean of 2%.  In contrast, the difference between 
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Denver and JKMRC Jacques crusher Ci results ranged from 12% to 28%, with a 
mean of 16%.  A single sample was tested in duplicate at the ALS Chemex Orange 
laboratory using a Boyd Crusher in its commercial application.  The results were 3.70 
and 3.87 with a mean of 3.78, a difference of 0.8% with the Denver crusher.  A single 
sample was tested in duplicate at GDL using their Terminator jaw crusher.  The 
difference with the Denver was 4.2%.  The data is presented in Figures 1 and 2.  
Unfortunately, the Terminator jaw crusher provides a maximum gap of 9.2 mm which 
limits the testing of feed size fractions greater than 22.4 mm, a significant limitation 
to its application to Ci testing.  At present JKMRC recommends the Boyd over the 
Jacques jaw crusher for Ci testing.  The main differences between these crushers 
are: 1) double toggle vs. single toggle design and 2) flat plates vs. serrated plates.  
Based on these test results, the Denver crusher provided good Ci test data 
comparable with the Boyd Crusher. The results comparison with 10% error plot is 
given in Figure 2. 
 
A Red Dog sample was tested in quadruplicate and was the very first Ci test subject.  
Ci values ranged from 3.18 to 3.90, with an average of 3.59 and a standard deviation 
of 0.33 (Figures 1 and 3).  There was a noticeable variation in the test results, with 
the first two values being low (3.18 and 3.46) and the second set being higher (3.82 
and 3.90).  In the first two tests, it was practised to set the jaw crusher gap, and it 
was discovered that the gap was set narrower than recommended in the manual 
[Michaux, 2009] which was not yet available.  These tests had greater than a 10% 
difference with the JK Boyd Crusher result from JKMRC.  The gap was reset 
according to Michaux [2009] and the second set of values was much closer to the 
Boyd value of 3.88, an overall difference of less than 2%. 
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Figure 1:  JK Comminution Index results 
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Figure 2:  Comparison of Denver jaw crusher results with other types of jaw 
crushers 
 
HVC samples V755 + V1070 were tested at two different size fractions.  The JK Ci 
values did not show any significant difference between fractions (<6%).  This 
suggests that the JK Ci is not dependent on size fraction; however, additional testing 
is required (Table 2).    
 
The Denver JK Ci test values are shown in Figure 3.  SP 294 represents a single 
Red Dog ore type, each of V 755 and V 1070 represent individual unique HVC ore 
types and L 1185 represents one HVC ore type with three different alteration 
intensities, from weak to intense.  This initial data shows that JK Ci values change 
based on ore type and/or alteration intensity. 
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Figure 3:  JK Ci test results from the Denver jaw crusher 
 
Conclusions 
The following conclusions can be drawn: 
 Based on a limited data set, the Denver jaw crusher was shown to be suitable 
for Ci testing.  The test results compare favourably with JKMRC and ALS 
Boyd Crusher results with a mean difference of 2%.   
 One JK Ci test can be completed in about three hours, once the test size 
fraction is prepared. Half split core samples do not require any sample 
preparation. 
 The estimated cost for a single JK Ci test at is about 300 C$. 
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 Initial test results show that the JK Comminution Index is repeatable for each 
individual ore type (Red Dog, V755, and V1070).  Also, the JK Ci test results 
may also show a relationship with alteration intensity (L1185) and that they 
are independent of the size fraction used (V755 and V1070).   
o The single size fraction test results show 6.3% mean difference with a 
3.2 standard deviation. 
o The different size fraction test results show 1.8% mean difference with 
a 0.6 standard deviation. 
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JK Comminution Index Summary Flowsheet 
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JK Ci Test Procedure – from [Michaux, 2009] 
“Reproduced in part.” 
JK Comminution Index Experimental Procedure  
The JK Comminution Index is a simple test that requires experimental rigour for its success. 
The test involves crushing drill core bits in a jaw crusher that has adjusted to a set Closed 
Side Setting (CSS). This CSS was adjusted in a fashion dependent on the drill core 
geometry (see below). This reflects a tradeoff where the crusher gap setting is small enough 
to create sufficient fines but large enough to produce fragments at the 2-3mm size. Both are 
important in diagnosing breakage parameters.  
The first step in this test is to weigh and measure the sample geometry (core 
diameter/thickness or natural fragment size distribution). Is the sample whole, ½ or 
¼ core (is a preliminary crush required, only for whole core). 
Calculation of Jaw Crusher CSS  
The set CSS is representing a 2.5:1 reduction ratio. A graphical comparison of this 
geometric size reduction is shown in Figure 1. This is to generate the same 
breakage circumstances for all types of core feed. The rock texture, in turn, can then 
influence the breakage patterns and produce a unique but reproducible comminution 
index to rank rock types. 
 
Figure 1: Core cross section geometry compared to jaw crusher Closed Side Setting 
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Core samples used as feed  
This test was based on half core of different sizes. If the whole core is tested, a preliminary 
crush is done to break the feed sample into smaller bits in a manner that is producing 
breakage at the same strain rate. The reason for this that whole core has twice the cross 
sectional diameter of the half core or quarter core. This means that to run this test on the 
whole core, a two pass crushing process is done. The quarter core has the same cross 
sectional diameter as half core which is why the same CSS is used. As can be observed, the 
CSS is dictated by the size and shape (whole, ½ or ¼) of the feed drill core. The CSS is 
selected based on the diameter of the feed core (Table 1).  
 
Table 1:  Selection of Jaw Crusher Closed Gap Setting for Core Samples 
 
This test can substitute for sample preparation in other tests, for example, the 
chemical assay suite. 
Natural Fragments used as Feed  
Natural Fragments can also be used as input into this test, provided they are in a 
known narrow size fraction. The method of calculating the jaw crusher CSS is 
simple.  
Step 
1. Calculate the average particle size from the size fraction (it is assumed that 
these fragments are sized and measured before crushing).  
 
2. Calculate CSS by dividing the average size by 2.5  
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Table 2:  Selection of jaw crusher Closed Gap Setting (CSS) for Natural Fragments 
 
 
Setting the Jaw Crusher CSS  
Once the jaw crushers CSS has been calculated, the jaw crusher closed Side 
Setting (CSS) is set. This is checked by passing a lump of lead or ball of aluminium 
foil through the crusher while it is running. This lump of lead will be squashed to the 
CSS at that time. The squashed lump is then measured with Vernier Callipers to 
determine its thickness. 
 
Boyd Crusher    Jacques Crusher  
Figure 2:  CSS gap measured 
Feeding the Core into the Crusher  
Make sure the crusher is clean. Air blast with compressed air to ensure cross 
contamination does not happen. Ensure the catch tray/container is covered as to 
reduce sample loss due to crushing.  
Step 
1 Measure the mass of the sample as received to two decimal places (example 
4045.13g).  
2 Measure the thickness/diameter of the core and check whether the correct CSS is 
set   
3 The core is fed into the crusher one bit at a time. Do not choke feed the crusher.  
4 Collect broken fragments and put in the labelled tray.  
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Separating the -4.75mm out from the coarser fragments in the crusher product  
 
After crushing, the sample is put into large 400mm sieves, in a 
large bucket to separate out the -4.75mm fraction (Figure 4). 
Shake the sieve and bucket and check that all -4.75mm material 
passes into the bucket. This works most effectively when a 9.5mm 
scalping screen is used so not to clog the 4.75mm sieve. If this 
were automated, then the test would take much less time. 
 
Figure 3:  Feeding core into the crusher 
 
Figure 4:  Separating out the -4.75mm fraction 
Step  
1. Separate out the -4.75mm from the crushed sample on the large 400mm sieves.  
2. Measure the mass of the +4.75mm into one tray to two decimal places (example 
3102.42).  
3. Measure the mass of the -4.75mm into a tray and to two decimal places (example 
921.43g).  
4. Combine these two masses and check the pre-crush mass of the whole sample. 
This is part of the QA/QC of this test to determine if any mass has been lost due to 
crushing.  
 
To complete the test, only the -4.75mm fraction is sized. The size fractions 
measured in this fashion is dependent on the core size being crushed. 
 
Sizing the -4.75mm Fraction  
The product of this crushing test is then sized on the √2 sieve series in a specified 
set of fractions (See below). Just as the CSS setting dependant on the original core 
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diameter, the sieves used to measure the size distribution is in turn dependent on 
the CSS.  
 
Selection of Sieves to Measure Size Distribution of the -4.75mm Fraction  
Table 3:  Sieves used to size crushed product for different core sizes 
 
Table 4:  Sieves used to size crushed product for different natural fragment fractions 
 
 
Sizing the -4.75mm Fraction with Specified Set of Sieves  
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The jaw crusher products were then dry sized using the √2 sieve series from the set 
upper limit down to the set lower limit of 75μm. The equipment recommended to do 
this is a Ro-Tap Shaker and a good quality set of 200mm sieves. 
 
 
The shaking time on the Ro-Tap is 7 minutes for each run. The procedure for this 
section is as follows:  
Step  
1 Measure mass of -4.75mm material as received to two decimal places (example 
921.43g).  
2 Riffle out from this mass approximately 700g  
3 Weigh the mass to be placed in the sieve stack  
4 Check appropriate sieves are being used and that all are present and in the correct 
order. Assemble sieve stack that will fit into the Ro-Tap Shaker conveniently. More 
than one stack may be required to collect all size fractions as per specification.  
5 Place mass to be sized in the first sieve stack  
6 Place first sieve stack in Ro-Tap Shaker and  
7 check the stack is correctly strapped in  
8 Check the timer is set to 7 minutes.  
9 Set Shaker going for the allotted 7 minutes  
10 Remove sieve stack from the Ro-Tap without spilling any 
sample  
11 Remove pan from the bottom and pour contents into the next sieve stack (if there 
is one)  
12 Set the next sieve stack going in the Ro-Tap  
13 Check to see if the weighing bowl has been tared to 0.00g on the weighing scale  
14 Remove each sieve individually and lightly brush contents into a weighing bowl  
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15 Weigh size fractions on the tared weighing scale  
16 Pour weighing bowl contents into a tray  
17 Repeat for each sieve on the stack  
18 Ensure that the -75μm material has been accurately weighed  
19 Ensure that each sieve has no fragments caught in them that may contaminate 
the next sample  
20 Weigh recombined mass to check against the mass from Step 1. This is part of 
the QA/QC of this test.  
21 Recombine the -4.75mm material with the +4.75mm material. Ensure it is 
correctly and appropriately labelled. Pass this sample on to the next procedure 
(example chemical assay).  
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Jaw Crusher Design Details 
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Appendix 3  
Different texture examples of Los Bronces from HyLogger 3 
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Appendix 4 
QXRD Rietveld Results 
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2+)6-4(Fe
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Chlori te (Mg, Fe
2+
, Fe
3+
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Appendix 5 
The Paper published at SGA’2015 in Nancy, France. Accepted 
author manuscript is below.  
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Abstract 
Acquiring adequate representativity of the mineralogical variability of an ore deposit 
is a recognised challenge for geometallurgical modelling. Automated hyperspectral 
core logging overcomes this issue through the rapid collection of contiguous infrared 
reflectance measurements for the objective and consistent logging of mineralogy in 
drill core or chips.  
 
This paper presents preliminary results from two automated hyperspectral core 
logging systems, the CSIRO-developed HyLogger-3 and Corescan’s Hyperspectral 
Core Imager Mark III (HCI-3). Thirty-three metres of selected intervals sampled from 
multiple diamond drill holes across the Los Bronces Cu-Mo porphyry deposit, Chile, 
were assembled as a ‘composite virtual drill hole’ and scanned with both systems. 
Samples were selected to represent five alteration-related domains with predicted 
varying comminution/breakage attributes. 
 
Minerals identified from the shortwave-infrared (SWIR) data, collected by both core 
logging systems and confirmed by XRD analysis, include: muscovite (sericite), 
tourmaline, gypsum, chlorite, phlogopite/biotite and trace kaolinite and 
montmorillonite. Quartz and feldspar were also logged from the HyLogger-3 thermal-
infrared (TIR) data. Domains were characterised based on the spatial distribution 
and intensity of one or more key minerals. 
 
Future work will correlate the spectro-mineralogical results with breakage tests to 
investigate whether a fundamental relationship between rock hardness and drill core 
mineralogy can be established using hyperspectral core logging. Determining the 
hardness variability of a deposit reduces the risk and uncertainty of mill throughput 
and energy usage, leading to more efficient and profitable ore recovery. 
 
Keywords 
Hyperspectral, infrared, core logging, geometallurgy, HyLogger, Corescan, HCI-3, 
porphyry, domain, alteration. 
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1. Introduction 
 
Drill core mineral characterisation is a key parameter required by geologists and 
geometallurgists for assessing the spatial distribution of an ore deposit’s mineral 
inventory. The drill core mineral information can be utilised to create ‘domains’ of 
similar mineral and rock characteristics with predicted processing behaviours. 
Incorporating the mineralogical domains in geometallurgical models can reduce the 
uncertainty and risk associated with ore processing and extraction. 
 
Conventional logging of core or chips is critical for the recording of geological 
observations and typically involves the visual identification of the minerals present. 
This is a subjective procedure often yielding variable results amongst geologists. 
Established analytical techniques (e.g. petrography, MLA and XRD) provide very 
detailed, valuable mineral information but are expensive, can entail lengthy turn-
around times and may require elaborate lab-based sample preparation and/or 
sample destruction.  
 
Automated hyperspectral core logging is a tool that assists geologists by providing a 
rapid, non-destructive mineral analysis and imaging technique that scans the drill 
core or chips in their original trays. Sample preparation is minimal; the core needs 
only to be clean and dry. Based on infrared spectroscopy, the technique enables 
objective mineralogy to be logged ensuring consistency throughout a drill hole and 
across numerous drill holes within a deposit. 
 
This paper presents preliminary results of the automated hyperspectral infrared 
logging of 33 m of diamond drill core from the Los Bronces porphyry Cu-Mo deposit 
for the purpose of mineral identification and domain characterization. Data 
acquisition was undertaken using two commercially available, automated, infrared 
mineralogical core logging and imaging systems: the CSIRO-developed HyLogger-3 
(Quigley et al., 2009) and Corescan’s Hyperspectral Core Imager Mark-III (HCI-3). 
The core logging systems and the mineralogical outputs are reviewed. 
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2.  Los Bronces Cu-Mo Porphyry Mine 
 
The Los Bronces mine is located 65 km north-east of Chile’s capital, Santiago at an 
altitude of 3,500m above sea level on the west side of the Andean Mountains. The 
mine is operated by Anglo American Chile. 
 
Los Bronces is one of the world’s largest breccia-hosted copper-molybdenum 
porphyry related deposits and has been mined since 1864. Los Bronces produced 
221,800t of copper and 948t of molybdenum concentrate in 2011. The existing ore 
reserve as of 31 December 2011, is 2.17 billion tonne grading 0.62% Cu (11.5mt of 
contained copper) (Retrieved on 14 March 2015 from http://www.mining-
technology.com/projects/los-bronces-copper-and-molybdenum-mine/). 
 
New grinding, mineral transport and concentration facilities were implemented during 
a $2.8bn expansion project completed in 2011 increasing Los Bronces' production 
capacity up to 400,000tpa. 
 
3. Geology 
The Los Bronces-Rio Blanco deposit is hosted by the late Miocene San Francisco 
Batholith that intruded the Miocene volcanic and volcaniclastic rocks of the 
moderately deformed Abanico Formation and weakly deformed Farellones 
Formation (Warnaars et al., 1985; Vergara et al., 1988; Serrano et al., 1996; Vargas 
et al., 1999; Hollings et al., 2005). This intrusion is strongly peraluminous, has a calc-
alkaline composition with an alkali-calcic affinity and is largely composed of quartz 
monzonite and quartz monzodiorite (Warnaars et al., 1985).  
 
Los Bronces has seven different coalescing breccias that formed after the main 
phase of the porphyry copper system. The nature of the breccia matrix is the most 
important distinguishing feature within the deposit and consists of varying amounts of 
quartz, tourmaline, specularite, pyrite, chalcopyrite, bornite, molybdenite, chlorite, 
anhydrite, sericite and rock flour (Warnaars et al., 1985). 
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Details of the geological setting and ore formation characteristics of the deposit are 
discussed in Warnaars et al. (1985), Serrano et al. (1996), Vargas et al. (1999), 
Frikken (2005), Hollings et al. (2005), and Deckart et al. (2005). 
 
4. “Composite Virtual Drill Hole” (CVDH) 
A ‘composite virtual drill hole’ (CVDH) was physically created to combine drill core 
samples representative of the various Cu porphyry alteration zones/domains across 
the Los Bronces deposit into one dataset for testing and analysis (Figure 1). Drill 
core intervals were selected from pre-defined geological domains identified in the 
company database and further assessed on-site following an inspection of the core 
and consultation with mine geologists. To maintain consistency, only samples from 
the dominant quartz monzonite lithology were selected for the CVDH. 
 
The selected intervals represent five domains of the variable relationships between 
the quartz monzonite host-rock and hydrothermal alteration, including; weak, 
moderate and intense phyllic alteration, quartz vein and tourmaline breccia. 
A 33 m long CVDH subset (42-85 m) was scanned by the HyLogger-3 and HCI-3 
hyperspectral core logging systems. 
 
 
Figure 1. Composite Virtual Drill Hole log (QM: quartz monzonite. PHY: phyllic). 
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5. Samples & Methodology 
 
The collection of the HyLogger-3 data was undertaken by the Queensland 
Geological Survey in Brisbane, Queensland, Australia. The HyLogger-3 collects 
contiguous VNIR-SWIR (350-2500 nm) + TIR (6000-14,5000 nm) spectra within a 
~14 mm x 10 mm field-of-view along a ‘profile’ line centred in the middle of the drill 
core, with a ~4 mm overlap between measurements. A total of 4276 spectra were 
collected from the 33 m long CVDH. For mineral identification and domain 
characterization, this was reduced to 3456 spectra, following quality control pre-
processing steps that involved the exclusion of non-geological spectra (e.g. wooden 
depth markers, tray ends and empty tray bases) from the HyLogger-3 dataset.  
 
The HCI-3 data was acquired at a Corescan-hosting facility in Brisbane. The HCI-3 
imaging spectrometer collects VNIR-SWIR (350-2500 nm) reflectance data in a 40 
mm wide swath across the core at 500 um spatial resolution generating 150,000 
spectra per metre, creating 2-3 Gb/m. An estimated 4,950,000 spectra were 
collected from the CVDH.  
 
Mineral interpretation of the HCI-3 data was carried out by Corescan using in-house 
proprietary software based on a Pearson’s Correlation type spectral matching routine 
of pure minerals found in the dataset, against every pixel. The HyLogger-3 data was 
analysed by the lead author using The Spectral Geologist-CoreTM (version 7) 
software to create site-specific customised scalars to target each mineral’s 
diagnostic infrared absorption features based on polynomial fitting within nominated 
band (wavelength) intervals and above minimum cut-offs.  
 
To review the HCI-3 and HyLogger-3 results together, the Corescan HCI-3 relative 
abundance results were down sampled to 10 mm sample spacing and imported from 
an Excel spreadsheet into The Spectral Geologist-CoreTM software.  
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6. Results & Discussion 
 
The SWIR responsive hydroxyl-bearing minerals identified in the drill core from the 
HCI-3 and HyLogger-3 data were consistent and included: muscovite (sericite), 
chlorite, tourmaline, gypsum, phlogopite/biotite and trace kaolinite and 
montmorillonite (Table 1). The HyLogger-3 additionally acquired thermal infrared 
measurements from which anhydrous quartz/silica and feldspar were identified 
(Table 1). Results were confirmed by XRD. 
 
 
Table 1. Minerals identified with the HCI-3 and HyLogger-3. 
 
Domain boundaries as defined in the mine-site database were imported (Figure 2A) 
to compare with the spectro-mineralogical results and provide validation. Both 
hyperspectral core logging systems produced similar spatial distributions of 
muscovite/sericite (Figure 2B&C) and tourmaline (Figure 2D&E). A greater number 
of weak-tourmaline samples are presented in the HCI-3 data. However, after 
inspecting the linked HyLogger-3 spectra, many were identified as wood blocks and 
empty tray bases. Raising the lower limit of the cut-off in the algorithm would reduce 
the number of false positives and improve the accuracy of the result. Some minor 
variations between the two sets of results can be accounted for by movement 
amongst the core pieces during transit between scanning facilities. Different value 
ranges for the colour coded intensity values are attributed to differences in the 
algorithms and do not impact the interpretation. Warm colours infer greater 
abundance; and cool colours infer lower abundance. 
 
 
Wavelength 
Range
HCI-3 HyLogger-3
Major: sericite Major: sericite/w hite mica
Moderate: chlorite, gypsum Moderate: chlorite, gypsum
Minor: tourmaline, phlogopite Minor: tourmaline, phlogopite/biotite
Trace: kaolinite and montmorillonite Trace: kaolinite and montmorillonite
Major: quartz
Moderate: plagioclase and K-feldspar
Automated Infrared Mineralogical Core Logging System
SWIR
TIR NA
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A key observation between the results of the two core logging systems is the domain 
mineral characterization, and spatial extent is largely consistent, despite the 
significant difference in the number of spectra collected. 
 
Muscovite/sericite is ubiquitous in the dataset with the exception of a narrow 
tourmaline-rich interval at ~60-61 m. The mine-site logged weak, moderate-intense 
and intense phyllic alteration domains were spectrally discriminated based on the 
relative changes in muscovite abundance/intensity, respectively increasing. Within-
domain variations are also evident and may prove useful for further domain 
subdivision or boundary revision.  
 
The tourmaline breccia domain 7 (61.1-64.6 m) also contained significant 
muscovite/sericite + quartz + minor tourmaline + biotite/phlogopite (not plotted). 
  
Appendices 
288 
 
 
 
 
 
 
 
Figure 2. A) All HyLogger-3 samples coloured by imported Domains 4-8 boundaries. B) HyLogger-3 muscovite 
spatial distribution, coloured by intensity. C) HCI-3muscovite spatial distribution, coloured by intensity. D) 
HyLogger-3 tourmaline spatial distribution, coloured by intensity. E) HCI-3 tourmaline spatial distribution, 
coloured by intensity. F) HyLogger-3 quartz spatial distribution, coloured by intensity. 
 
Quartz was identified throughout most of the CVDH in low-moderate abundance 
from the HyLogger-3 thermal infrared data. The highest abundance quartz-bearing 
samples define the quartz-vein domain (Figure 2F). The deeper part of the quartz-
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vein domain also contained highly abundant tourmaline, significantly more than the 
tourmaline-breccia domain, occurring as pervasive tourmaline intimately mixed with 
quartz. 
 
The tourmaline-breccia in Domain 7 is dominated by the clast supported sericitised 
breccia, with significantly less tourmaline occurring as cement in the matrix.  
The muscovite and feldspar (not shown) interpreted results display an inverse spatial 
correlation to each other, with greater muscovite in the moderate to intense phyllic 
alteration domains and greater feldspar in the weakly altered domains, where the 
primary mineralogy of the quartz monzonite prevailed. The inverse correlation of 
muscovite and feldspar could be used in future work for creating a metric related to 
alteration intensity based on a mineral replacement that could potentially relate to 
rock hardness. 
 
The textural context of the mineral results also needs to be taken into consideration 
when attempting to define geometallurgical domains. The depth registered high 
resolution imagery acquired by both systems, permits the spectro-mineralogical 
results to be viewed with the drill core imagery. Information on the distribution of the 
mineralogy can, therefore, be observed and context provided answering questions 
such as - is the tourmaline in the matrix, veins or clasts? The HyLogger-3 imagery 
can be viewed in TSG-Core with the mineral results loaded as logs adjacent or 
below the core imagery. The imaging nature of the HCI-3 spectrometer enables the 
mineral results to be essentially viewed in situ, overlain on the core imagery where 
the inter-relationships between the mineral results can be observed. Algorithms to 
automate the extraction of textural information from the drill core imagery are the 
desired improvement and are currently being investigated by the developers of both 
the HyLogger-3 and HCI-3. 
 
7. Conclusions 
 
This preliminary review of Corescan’s HCI-3 and the CSIRO-developed HyLogger-3 
has demonstrated the application and utility of both automated hyperspectral core 
logging systems applied to mineral identification and domain characterization for the 
development of appropriate geometallurgical flow design.  
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Minerals identified from the SWIR data collected by both core logging systems and 
confirmed by XRD analysis include: muscovite (sericite), tourmaline, gypsum, 
chlorite, phlogopite/biotite and trace kaolinite and montmorillonite. Quartz and 
feldspar were also logged by the HyLogger-3 TIR data. 
 
Domains were characterised based on the spatial distribution and intensity of one or 
more key minerals. Within-domain variations were also logged that may prove useful 
for further domain subdivision or boundary revision.  
 
Three main differences between the automated hyperspectral core logging systems 
are  
1) Wavelength range. In addition to the VNIR-SWIR spectral range common to both 
systems, the HyLogger-3 also has a thermal-infrared (TIR) capability necessary for 
logging anhydrous minerals (e.g. feldspars, quartz) and thus provides a more 
comprehensive suite of drill core mineralogy.  
2) The ‘imaging’ nature of the HCI-3 spectrometer enables the VNIR-SWIR mineral 
results to be viewed in situ overlain on the drill core imagery where inter-
relationships between various minerals can be observed.  
3) Data delivery. HCI-3 drill core data is retained by Corescan and interpreted results 
made available via a secure online web delivery service. HyLogger-3 data (spectra 
and drill core imagery) is owned and retained by the client for in-house or consultant-
based analysis and interpretation within the commercially available TSG-Core 
software. 
The spectro-mineralogical results are generated in preparation for more detailed 
studies on predictive comminution and geometallurgical modelling using automated 
hyperspectral core logging. 
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